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Sir: 

The Final Office Action for this application was mailed November 30, 2004, and a Notice 
of Appeal was mailed April 14, 2005. An Appeal Brief was filed on April 22, 2005. However, as 
indicated in the Notification of Non-Compliant Appeal Brief mailed September 7, 2005, the April 
22, 2005 Appeal Brief did not contain the items required under 37 CFR 41 .37(c). 

Applicant respectfully appeals to the Board for review of the Examiner's final rejection. 



(1) Real Party in Interest. 

The real party in interest is the University of Iowa Research Foundation. 



(2) Related Appeals and Interferences. . 

Application Serial No. 09/930,105, which claims priority to the instant application, is also 
currently being appealed to the Board for review of the Examiner's final rejection. There are no 
related interferences. 



(3) Status of Claims. 

Claims 2-5, 12-22, and 24 have been canceled. Claims 1, 6-1 1, 23, and 25 are pending and 
stand finally rejected. Applicant is appealing the final rejection of claims 1,6-11, 23, and 25. 
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(4) Status of Amendments. 

No Amendments have been have been filed subsequent to the Final Office Action. 

(5) Summary of the Claimed Subject Matter. 

The claimed subject matter relates to methods for normalizing the contractile response of 
vasculature in a patient in need of such normalization, wherein the vasculature has a vascular smooth 
muscle cell layer and a compromised endothelial cell layer, and wherein the methods include 
administering a pharmaceutical^ effective amount of a CLC3 blocker or a pharmaceutical^ 
acceptable salt thereof. The claimed subject matter also relates to methods for normalizing the 
contractile response of vasculature in response to norepinephrine in a patient in need of such 
normalization, wherein the vasculature has a vascular smooth muscle cell layer and a compromised 
endothelial cell layer, wherein the method includes administering a pharmaceutically effective 
amount of a CLC3 blocker or a pharmaceutically acceptable salt thereof. This subject matter is 
described throughout the specification, for example, at page 3, line 21 through page 12, line 16. 

(6) Grounds of Rejection to be Reviewed on Appeal. 

The issues being appealed are: (1) whether claims 1, 6-1 1 or 23 are unpatentable under 35 
U.S.C. § 103(a) over U.S. Patent No. 6,197,789 (the Grainger et al patent); and (2) whether claim 
25 is unpatentable under 35 U.S.C. § 103(a) over the Grainger et al patent in view of U.S. Patent 
No. 5,470,883 (the Stromberg patent). 

(7) Argument. 

A. Claims L 6-1 1 and 23 are patentable over the Grainger et al patent 
The Examiner alleges that claims 1, 6-1 1 and 23 are unpatentable over the Grainger et al 
patent. The Examiner stated that the Grainger et al patent teaches the use of tamoxifen to prevent or 
treat conditions characterized by inappropriate or pathological activity of endothelial cells. The 
Examiner also stated that the Grainger et al patent teaches the use of tamoxifen to inhibit the 
activation of endothelial cells associated with vascular surgery, diabetes, hypertension, and coronary 
artery blockage. The Examiner further stated that the Grainger et al patent teaches that procedural 
vascular traumas and pathologies such as atherosclerosis, myocardial infarction, and stroke can be 
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prevented by administration of tamoxifen. Thus, the Examiner concluded that it would have been 
obvious to one of ordinary skill in the art to modify the teaching of Grainger et al and employ 
tamoxifen to normalize the contractile response of vasculature, since the teaching of "inhibiting 
contraction" encompasses "normalization ," and since the effect of inhibition of contraction of 
vascular smooth muscle would "normalize" the contraction in patients as disclosed by Grainger et al 

(i) The Grainger et al patent does not teach or suggest all elements of the claims. 

The Grainger et al patent fails to render claims 1, 6-1 1 and 23 obvious. First, the Grainger et 
al patent does not teach or suggest all of the elements of the claims. Specifically, the Grainger et al 
patent does not suggest using tamoxifen to normalize the contractile response of vasculature having 
a vascular smooth muscle cell (VSMC) layer and a compromised endothelial cell layer. The 
Examiner agreed with this assertion, as the Office Action of November 30, 2004 at page 3 states that 
"Grainger et al do not expressly teach the normalization of contractile response set forth in claim 1 ." 

The Grainger et al patent discloses a therapeutic method for preventing or treating a 
cardiovascular or vascular indication characterized by a decreased lumen diameter, wherein a 
therapeutic agent that elevates the level of TGF-iJ is employed (column 2, line 37 to column 3, line 2 
and column 10, lines 44-46). The Grainger et al patent also discloses that such an agent can inhibit 
the activity of a VSMC, such as proliferation, contraction, and migration (column 17, lines 41-48), 
as well as inhibit the "pathological" or "abnormal" activity of VSMC (column 3, lines 17-22 and 
column 6, lines 15-16), defined by Grainger et al as "division, growth or migration of cells 
occurring more rapidly or to a significantly greater extent than typically occurs in a normally 
functioning cell of the same type, or in lesions not found in healthy tissues" (column 7, lines 61-65). 
The Grainger et al patent does not, however, teach or suggest normalizing the contractile response 
of endothelially-compromised vascular smooth muscle. 

Inhibition of VSMC contraction is not equivalent to normalization of smooth muscle cells. 
The Merriam- Webster online dictionary defines the term "inhibit" as "prohibit from doing 
something." In contrast, the Merriam- Webster online dictionary defines the term "normalize" as 
"reduce to a norm or standard." Figures 2 and 3 of Applicant's specification clearly depict the 
normalization response by showing that the contractile response of compromised VSM treated with 
tamoxifen was essentially the same as the contractile response of intact VSM, regardless of whether 
the intact VSM as treated with tamoxifen. Treatment of compromised VSM with tamoxifen did not 
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prohibit it from having a contractile response; the treatment instead reduced the contractile response 
to a normal level Thus, even if the cited art suggested that tamoxifen could inhibit vascular smooth 
muscle cell contraction, there is nothing in the cited art to suggest that it can correct or normalize the 
contraction of endothelially-comprised VSMC. Therefore, the pending claims are not obvious in 
view of the Grainger et al patent. 

(ii) The Grainger et al patent does not provide motivation to use tamoxifen to normalize 
contraction of compromised vasculature. 

Further, the Grainger et al patent does not provide motivation to use tamoxifen to normalize 
contraction of compromised vasculature. At no point does the Grainger et al patent provide any 
evidence to indicate that tamoxifen has an effect on contractile VSMC {i.e., mature, non- 
proliferative VSMC). A person of ordinary skill in the art would appreciate that contractile and 
proliferative VSMC serve different purposes, and thus have widely different properties (see, for 
example, Owens (1995) Physiol Rev. 75:487-517). The Owens review teaches that mature VSMC 
proliferate at an extremely low rate and are almost completely geared for contraction, expressing a 
unique repertoire of contractile proteins, ion channels, and signaling molecules that clearly 
distinguish mature VSMC from any other cell type. In contrast, VSMC during vasculogenesis 
proliferate and produce matrix components of the blood vessel wall, and are not geared for 
contraction activities. Thus, the Owens review teaches that proliferative and contractile VSMC are 
functionally different. The Grainger et al patent discloses only that tamoxifen has an effect on 
proliferative VSMC. Since the Grainger et al patent fails to provide support for the notion that 
tamoxifen affects the contractile activity of mature VSMC, a person having ordinary skill in the art 
reading this reference would not have been motivated to use tamoxifen to normalize vasoconstriction 
of endothelially-compromised VMSC as recited in the present claims. As such, the Grainger et al 
patent fails to render the presently claimed methods obvious. 

(iip The Grainger et al patent does not provide a reasonable expectation of success for using 
a compound such as tamoxifen to normalize vasocontraction of compromised vasculature. 

Moreover, the teachings of the Grainger et al patent would not have provided a reasonable 
expectation of success for using a compound such as tamoxifen to normalize vasocontraction of 
compromised vasculature. The Grainger et al patent fails to provide any evidence that tamoxifen 
can normalize vasoconstriction. The Grainger et al. patent discloses experimental data showing that 
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tamoxifen treatment of VSMC in culture can decrease cell proliferation and increase levels of TGF- 
beta, while tamoxifen treatment of mice on a high fat diet can reduce the formation of aortic lipid 
lesions. Thus, the Grainger et al patent is focused on using compounds such as tamoxifen to inhibit 
proliferation of smooth muscle cells. 

Further, Applicant's specification teaches that even after the Grainger et al patent was filed, 
researchers did not know the effect of tamoxifen on VSM {see, for example, the sections of 
Applicant's specification at page 2, lines 12-15 and extending from page 26, line 21 to page 27, line 
11). These sections disclose that at the time the inventor filed the present application, the inventor 
believed that tamoxifen treatment would not affect norepinephrine-induced contraction of normal 
vasculature (i.e. 9 vasculature having an intact endothelium). These sections further disclose that due 
to the lack of effect on normal VSM, the inventor did not previously examine the effect of tamoxifen 
on endothelially-compromised VSM. In addition, these sections of the specification disclose that 
Applicant's previous findings were published as Lamb and Barna (1998) Am. J. Physiol. 275:H151- 
H160, and Lamb and Barna (1998) Am. J. Physiol 275:H161-H168. Thus, as of 1998, the effect of 
tamoxifen on normal VSM was uncertain. Due to this uncertainty, a person of ordinary skill reading 
the Grainger et al patent would not have had a reasonable expectation that tamoxifen would 
normalize the contractile response of vasculature having a compromised endothelial layer. 

In conclusion, since the Grainger et al patent fails to teach or suggest all of the elements 
recited in the claims, and fails to provide either motivation or a reasonable expectation of success for 
using tamoxifen to normalize vasocontraction of compromised VSM, it does not render the present 
claims obvious. In light of the above, Applicant respectfully requests reversal of the Examiner's 
rejection of claims 1, 6-11, and 23 under 35 U.S.C. § 103(a). 

B. Claim 25 is patentable over the Grainger et al patent in view of the Stromberg patent 
The Examiner alleges that claim 25 is unpatentable over the Grainger et al patent as applied 
to claims 1,6-11, and 23 above and further in view of the Stromberg patent. The Examiner stated 
that while the Grainger et al patent does not teach that norepinephrine causes the contractile 
response of vasculature as set forth in claim 25, the Stromberg patent teaches a method of inhibiting 
or reversing the peripheral vasoconstrictive effect of norepinephrine by oral administration of 
tamoxifen citrate. Thus, the Examiner concluded that it would have been obvious to one of ordinary 
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skill in the art to employ tamoxifen to normalize the norepinephrine-induced contractile response of 

vasculature comprising a vascular smooth muscle cell layer and a compromised endothelial cell 

layer, because Stromberg teaches that tamoxifen is useful for reversing (normalizing) the 

vasoconstrictive effect of norepinephrine and because Grainger et al teach that tamoxifen is useful 

for treating conditions characterized by inappropriate or pathological activity of vascular smooth 

muscle cells and endothelial cells. 

Claim 25 recites a method to normalize the contractile response of vasculature in response to 

a vasoconstrictor agonist in a patient in need of such normalization. The cited patents fail to suggest 

such a method. As discussed above, "inhibiting" contraction is not the same as "normalization" of 

contraction. Neither the Grainger et al patent nor the Stromberg patent suggests using tamoxifen to 

normalize the contractile response of vasculature in response to a vasoconstrictor agonist such as 

norepinephrine. In fact, the Office Action mailed on March 23, 2004, by which time both the 

Grainger et al patent and the Stromberg patent were of record, included the following statement by 

the Examiner at pages 4 and 5: 

. . . there do not appear to be any examples or teachings in the prior art wherein a 
compound similar to the claimed compounds was administered to a subject to 
normalize the response to any vasoconstrictor (emphasis in original) . . . given the 
lack of . . . prior art regarding normalizing in response to a vasoconstrictor agonist 
(emphasis added) . . . 

Given these statements, the Examiner appeared to believe, at least as of March 2004, that the prior 
art failed to teach or suggest using an agent such as tamoxifen to normalize contraction in response 
to a vasoconstrictor such as norepinephrine, as recited in claim 25. Since neither the Grainger et al 
patent nor the Stromberg patent suggests using tamoxifen to normalize contraction, the combination 
of these references fails to render claim 25 obvious. 

In light of the above, Applicant respectfully requests reversal of the Examiner's rejection of 
claim 25 under 35 U.S.C. § 103(a). 



APPEAL BRIEF Page 7 

Serial Number: 09/512,926 Dkt, 17023,010US1 

Filing Date: February 25, 2000 

Title: METHODS TO REDUCE THE SENSITIVITY OF ENDOTHELIALLY-COMPROMISED VASCULAR SMOOTH MUSCLE 



If necessary, please charge any additional fees or credit overpayment to Deposit Account 50- 

3503. 
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(8) Claims Appendix. 

I . A method to normalize the contractile response of vasculature in a patient in need of such 
normalization, the vasculature comprising a vascular smooth muscle cell layer and a 
compromised endothelial cell layer, wherein the method comprises administering a 
pharmaceutically effective amount of a CLC3 blocker, or a pharmaceutical^ acceptable salt 
thereof. 

6. A method of claim 23, wherein the compound administered is l-p-3- 

dimethylaminoethoxyphenyl-trans-l,2-diphenylbut-l-ene, or a pharmaceutically acceptable salt 
thereof. 

7. A method of claim 23, wherein the patient has diabetes. 

8. A method of claim 23, wherein the patient has had a surgical procedure. 

9. A method of claim 23, wherein the patient has hypertension. 

10. A method of claim 23, wherein the patient has coronary artery disease. 

I I. A method of claim 23, which further comprises administering a pharmaceutically-effective 
compound selected from the group consisting of: an anti-diabetes agent; an anti-hypertension 
agent; an anti-coronary artery disease agent; and an anti-restenosis agent. 
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23. A method of claim 1, wherein the CLC3 blocker is a compound of Formula I 



R 4 R 5 N(CH 2 ) n O 




wherein 

either R 4 is H or a lower alkyl radical and R 5 is a lower alkyl radical, or R 4 and R 5 are joined 
together with the adjacent nitrogen atom to form a heterocyclic radical; 
R 6 is H or a lower alkyl radical; 

R is H, halo, OH, a lower alkyl radical, or is a buta-l,3-dienyl radical which together with the 
adjacent benzene ring forms a naphthyl radical; 
R 8 is H or OH; and 
nis 2; 

or a pharmaceutical^ acceptable salt thereof. 

25. A method to normalize the contractile response of vasculature in response to a vasoconstrictor 
agonist in a patient in need of such normalization, the vasculature comprising a vascular smooth 
muscle cell layer and a compromised endothelial cell layer, wherein the method comprises 
administering a pharmaceutically effective amount of a CLC3 blocker, or a pharmaceutically 
acceptable salt thereof, and wherein the vasoconstrictor agonist is norepinephrine. 
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(9) Evidence Appendix. 

A. U.S. Patent No. 5.470,883. 

This document was entered by the Examiner in the Office Action mailed October 10, 2001 . 

B. U.S. Patent No. 6.197.789. 

This document was entered by the Examiner in the Office Action mailed July 30, 2002. 

C. Owens (1995) Physiol Rev. 75:487-517. 

This document was entered by the Examiner in the Office Action mailed November 30, 

2004. 

D. Definition of "inhibit". The Merriam-Webster Online Dictionary. 

This document was submitted to the patent office with the Reply mailed February 28, 2005. 

E. Definition of "normalize". The Merriam-Webster Online Dictionary. 

This document was submitted to the patent office with the Reply mailed February 28, 2005. 

F. Lamb and Barna (199S) Am. 1 Physiol 275:H151-H160. 

This document was entered by the Examiner in the Office Action mailed October 10, 2001. 

G. Lamb and Barna (1998) Am. J. Physiol 275:H161-H168. 

This document was entered by the Examiner in the Office Action mailed October 10, 2001. 
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rent knowledge of the mechanisms that regulate differen- 
tiation of vascular smooth muscle with an emphasis on 
consideration of developmental control events, as well 
as on alterations in differentiation control that occur in 
vascular disease. Because our understanding of the regu- 
lation of vascular SMC differentiation is in its infancy as 
compared with a number of other cell systems, I begin 
with a brief review of some of the general principles of 
differentiation control that have been established in stud- 
ies of other cell systems that are likely to be applicable, at 
least in part, to differentiation control in smooth muscle. 



H MECHANISMS OF CONTROL OF CELLULAR DIFFERENTIATION: 
THE SKELETAL MUSCLE PARADIGM 

Cellular differentiation is the process by which multi- 
potential cells in the developing organism acquire those 
specific functions and properties that distinguish them 
from other cell types (see Ref. 55 for a review). This pro- 
cess has conventionally been subdivided into three stages: 
determination, differentiation, and maturation. Determi- 
nation is the process by . which multipotential cells in the 
developing embryo become committed to a particular cell 
lineage. Differentiation is the process by which cells that 
are committed to a particular cell lineage first manifest 
those cell-specific characteristics that distinguish that cell 
type. Maturation refers to the later stages of differentia- 
tion and is characterized by acquisition of further ceD- 
specific properties ultimately resulting in the cellular phe- 
notype characteristic of the mature organism. Although 
these are often considered to be distinct stages, they are 
really a continuum, with our ability to distinguish the 
stages being dependent on the extent of our knowledge 
of the cellular markers that characterize that stage and 
the molecular processes that control progression from 
one stage to another. Indeed, in most cases, the determi- 
nation event can only be identified retrospectively from 
cell labeling studies, since by definition cells in this stage 
have not yet acquired cell-specific characteristics that 
allow them to be recognized. For purposes of simplicity 
in this review, we use the term differentiation to refer to 
the entire process by which committed but undifferenti- 
ated SMCs acquire their cell-specific phenotypes, recog- 
nizing that the immediate precursor to the differentiated 
SMC (i.e., a SMC myoblast) and the precise embryological 
origins of that cell have not, as yet, been clearly identified. 

Despite the critical importance of considering differ- 
ences between cell types, studies in other cells, principally 
skeletal muscle, have established a number of general 
principles of differentiation control that are likely to be 
applicable to differentiation control in multiple cell sys- 
tems including vascular smooth muscle. Studies in skele- 
tal muscle have demonstrated that differentiation involves 
continuous regulation rather than permanent activation 
or inactivation of genes, and several families of master 
regulatory genes that control skeletal muscle differentia- 
tion have been identified [see reviews by Olson (189), 
Weintraub et al. (285), and Blau and Baltimore (22)]. The 
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first of these, MyoD, was isolated by subtractive hybridiza- 
tion approaches using an inducible differentiation system 
in which multipotential 10T1/2 mouse fibroblasts were 
converted to skeletal muscle through treatment with the 
DNA-hypomethylating agent 5-azacytidine (57, 267). 
MyoD and the related factors myogenin {67, 292), myf-5 
(27), and MRF/herculin/myf-6 (208) encode transcrip- 
tional regulatory factors that are capable of converting a 
variety of cell lines, including smooth muscle (278), to 
skeletal myoblasts. The actions of these factors are medi- 
ated, at least in part, via the direct activation of a number 
of muscle-specific genes, including muscle creatine ki- 
nase, cardiac a-actin, myosin light chain, and troponin I 
[reviewed by Olson (189) and Weintraub et al. (285)]. They 
are part of a larger family of eukaryotic transcriptional 
regulators that contain a basic helix-loop-helix (HLH) mo- 
tif that is involved in protein dimerization and DNA bind- 
ing. Members of the MyoD family dimerize with ubiqui- 
tously expressed members of the HLH family such as E12, 
E47, and ITF and subsequently bind a consensus sequence 
(CANNTG), referred to as an E box, found in the promot- 
ers of many skeletal muscle genes and activate gene tran- 
scription. Results of transgenic and gene knockout experi- 
ments in mice have confirmed a vital role of the MyoD 
family members in control of skeletal muscle differentia- 
tion and have shown that their roles are somewhat redun- 
dant (reviewed in Refs. 107, 219, 284). 

Another group of transcription factors referred to as 
the MEF2 proteins has also been shown to play a significant 
role in the myogenic cascade triggered by the MyoD family 
(53). Tontonoz et al. (272) have recently identified a novel 
HLH transcription factor, ADD1, that appears to play a 
role in the regulation of determination- and differentiation- 
specific gene expression in adipocytes. The preceding stud- 
ies have thus established the presence of master regulatory 
genes that are involved in the continuous control of the 
differentiation program in skeletal muscle and adipocytes. 
Although it is likely that differentiation control genes analo- 
gous to MyoD are also expressed in smooth muscle, as yet 
no such factors have been identified. 



in. CHARACTERISTICS OF DIFFERENTIATED SMOOTH 
MUSCLE CELLS 



A. Smooth Muscle Cells Are Multifunctional 

The principal function of the vascular SMC in mature 
animals is contraction, and the SMC has evolved a reper- 
toire of appropriate contractile proteins, agonist recep- 
tors, ion channels, and signal-transducing molecules to 
carry out this specialized function. Indeed, the essence of 
understanding the control of differentiation of the SMC. 
as with any cell type, is to understand how the cell coord:- 
nately regulates the expression of those genes necessan 
for its specialized function. Although the SMC, like the 
majority of somatic cells in mammals, contains a complete 
set of genetic material, it expresses only a very small 
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number of the genes present. How is it determined which 
genes will be expressed, when, and at what levels? 

Although the principal function of the mature SMC 
is contraction, this cell is also capable of a multitude of 
other functions that vary at different developmental 
stages, during vascular repair, and in vascular disease 
(234). For example, fully differentiated SMCs in mature 
blood vessels proliferate at extremely low rates and pro- 
duce only small amounts of extracellular matrix proteins; 
these processes are greatly accelerated during develop- 
ment of the vascular system, during vessel remodeling, 
following vessel injury, and in atherogenesis. Indeed, the 
remarkable plasticity of the vascular SMC must be consid- 
ered a necessary part of the SMC differentiation program 
that has evolved because it conferred a survival advantage 
to the organism. 

The plasticity of the SMC differentiated state, how- 
ever, has confounded efforts to understand the cellular and 
molecular mechanisms that control its differentiation; that 
is, a given SMC can acquire a broad spectrum of different 
phenotypes in response to different physiological or patho- 
logical stimuli. If an artery is injured, some SMC must be 
recruited to repair that iryury, while at the same time the 
contractile function of the blood vessel must be maintained 
for normal cardiovascular homeostasis. 

Each of the different phenotypic states of the SMC 
has somewhat different marker proteins that are charac- 
teristic of that state (considered in detail in sect, mi?), 
and, as a consequence, presumably has differences in the 
mechanisms that regulate that particular differentiation 
program. This differs considerably from what occurs in 
cardiac and skeletal muscle that undergo terminal, and 
essentially irreversible, differentiation and that exhibit 
much more restricted cellular plasticity (23, 189). Control 
of differentiation in these cell types, while proving to be 
extremely complex, is nevertheless easier to study be- 
cause of the stability associated with the terminally differ- 
entiated state. Thus key considerations in studying differ- 
entiation of SMC are i) to first establish which of the 
multiple biologically relevant SMC phenotypes is being 
studied, 2) to identify a repertoire of marker proteins and 
cellular functions that characterize that phenotypic state 
and their temporal pattern of expression, and S) to de- 
velop appropriate experimental systems with which to 
determine the cellular and molecular mechanisms that 
control that process. It is critical to distinguish proteins 
that are characteristic of a given stage (or state) of SMC 
differentiation/maturation versus proteins that alone can 
serve as a definitive markers for identification of SMC 
lineages to the exclusion of all other cell types. Although 
it has been the goal of many investigators to identify the 
latter, at this time no marker strictly meets these criteria, 
with the possible exception of smooth muscle myosin 
heavy chain isoforms, SM-1 and SM-2 (1, 164, 216, 217). 
Indeed, given the multifunctionality of the SMC and the 
fact that it shares many of these functions with other cell 
types, such markers may not exist. At this time, clear 
identification of SMC and assessment of its state of differ- 
entiation must rely on more than one criteria, including 
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expression of multiple SMC-selective proteins, the mor- 
phological and functional characteristics of the cell, and 
the cell's anatomic location. 

This review focuses on consideration of the mecha- 
nisms that regulate the differentiated state of the fully 
contractile SMC, which is by far the most predominant, 
phenorype found in the media of arteries of mature ani- 
mals. Undoubtedly alternative phenotypes exist and play 
an important role in vascular pathologies [see sect, ix and 
a review by Schwartz et al. (234)]. However, an under- 
standing of the abnormal control of differentiation in dis- 
ease states will only be possible once we understand how 
differentiation is normally regulated in mature fully con- 
tractile vascular SMCs. 



B. Markers of Differentiated Smooth Muscle Cells 



J. Smooth muscle a-actin 

The contractile proteins represent logical candidates 
for use in studying differentiation of contractile SMCs. 
Indeed, mature vascular smooth muscle has been shown 
to express unique isoforms of a variety of contractile pro- 
teins that are important for their differentiated function. 
The first of these identified was smooth muscle a-actin, 
which is one of six isoactins expressed in mammalian 
cells (276). All are products of separate genes, although 
they share an extremely high degree of homology in the 
protein-coding regions (276). Mature fully differentiated 
SMCs express four actin isoforms including smooth mus- 
cle a-actin, nonmuscle /?-actin, nonmuscle -y-actin, and 
smooth muscle y-actin (77, 197). The most abundant of 
the actin isoforms in mature fully differentiated vascular 
smooth muscle is smooth muscle a-actin, which is also 
the single most abundant protein in SMCs making up 40% 
of total cell protein and over 70% of the total actin (69). 
There is some indirect evidence that actin isoform diver- 
sity may be of functional significance. For example, sev- 
eral workers have reported selective localization of isoac- 
tin proteins as well as mRNAs within the cell (231, 261), 
and there is evidence for differential affinity of actin iso- 
forms for actin-binding proteins (126). However, there is 
little direct evidence that there are major functional differ- 
ences between the different actin isoforms (62, 204). Nev- 
ertheless, the high smooth muscle a-actin content of vas- 
cular SMCs is required for their high force-generating ca- 
pability (174, 197). There is also clear evidence that 
expression of the different actin genes is differentially 
regulated at the transcriptional level (227). As such, it is 
reasonable to suggest that quantitative differences in the 
level of smooth muscle a-actin expression may be of equal 
or greater importance for differentiation/maturation of 
SMC than qualitative shifts in which actin isoforms are 
expressed. 

Results of early studies indicated that smooth muscle 
a-actin was expressed exclusively by SMCs and SMC-re- 
lated cells such as pericytes (182) and juxtaglomerular 
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cells (90). However, it is now known that it is transiently 
expressed by a variety of mesodermally derived cells dur- 
ing development, tissue repair, and neoplastic growth (41, 
54, 225). For example, smooth muscle ar-actin is tran- 
siently expressed in the early stages of differentiation of 
both cardiac and skeletal myocytes (221, 291), as well as 
in myofibroblasts in healing wounds (54) and tumors (41). 
Its expression can also be induced in a number of non- 
SMCs in culture, including microvascular endothelial cells 
and myofibroblasts by treatment with transforming 
growth factor-/? (TGF-/?) (3, 160). Thus smooth muscle a- 
actin expression alone does not provide definitive evi- 
dence for SMC lineage. However, its expression in adult 
animals is highly tissue specific under normal circum- 
stances (77, 291). Moreover, as discussed in detail in sec- 
tion Ym, there is clear evidence for cell type-specific regu- 
lation of transcription of this gene, i.e., although a number 
of different cell types can express the gene under certain 
circumstances, regulation of its expression is quite differ- 
ent between different cell types, thus making it a very 
useful gene with which to study the molecular regulation 
of the differentiation program in vascular smooth muscle 
(18, 35, 71). 

Smooth muscle a-actin is also the first known marker 
of differentiated SMCs that is expressed during vasculo- 
genesis (64, 122, 166). It is first detected in the presump- 
tive SMCs that first envelope the dorsal aortas at stage 12 
(day 2 of development) in chicken (64) and quail embryos 
(122) (see also sect. rv). Significantly, at this stage, smooth 
muscle a-actin expression was limited to those presump- 
tive SMCs that were in direct contact with the dorsal 
aortic endothelial cells and was not observed in sur- 
rounding mesodermal cells. Furthermore, although smooth 
muscle a-actin is detectable very early in the developing 
vasculature, rragor increases in its level of expression occur 
during development (9, 140, 197). Nonmuscle /?-actin is the 
mgjor actin expressed in aortic SMCs of 3-day-old rats, 
and <60% of the medial SMCs at this age show detectable 
smooth muscle a-actin expression as determined by immu- 
nocytochemical labeling using a high-affinity smooth mus- 
cle a-actin monoclonal antibody (9, 197). This indicates 
that differentiation/maturation of SMC within a given blood 
vessel is not synchronous during development Smooth 
muscle a-actin does not become the predominant actin 
isoform in rat aortic SMCs until nearly 30 days of age. 
Similar postnatal increases in smooth muscle a-actin ex- 
pression have also been observed in a number of other 
species including pigs (69) and humans (184, 218). Taken 
together, the preceding results indicate that smooth muscle 
a-actin is not only the earliest known marker of differenti- 
ated SMCs expressed during development of the vascula- 
ture but also undergoes mayor increases in its level of ex- 
pression late in vascular development 

2. Smooth muscle myosin heavy chains 

Mature vascular SMCs also express a number of cell- 
specific/selective isoforms of myosin (1, 73, 180, 216, 217, 



286). Myosin is an essential component of the contractile 
system that is present in all muscle and nonmuscle cells. 
It is a hexamer consisting of two myosin heavy chains 
(MHC), a pair of 17-kDa nonphosphorylatable alkali light 
chains (also designated MLC-1 and MLC-3), and a pair of 
regulatory (phosphorylatable) 20-kDa light chains (MLC- 
2). Myosin regulatory light chain from vertebrate smooth 
muscle as well as nonmuscle cells plays a key role in the 
regulation of smooth muscle contraction and nonmuscle 
cell motility via Ca 2 Vcalmodulin-dependent phosphoryla- 
tion catalyzed by myosin light-chain kinase (see Refs. 175, 
253 for a review). Multiple isoforms of all of these subunits 
of myosin have been found, and the expression of the 
isoforms is differentially regulated in a tissue-specific and 
developmental stage-related manner (73, 253). 

Vascular SMCs express at least three smooth muscle 
variants as well as two nonmuscle variants of the heavy 
chain (1, 180, 216, 286). Kawamoto and Adelstein (133) 
have classified the 196-kDa nonmuscle-type MHC as 
NMHC-A and the 198-kDa nonmuscle MHC as NMHC-B. 
The NMHC-B appears to be identical to the 198-kDa MHC 
designated SMemb that is expressed in developing rabbit 
embryonic aortas, intimal SMCs of animals with experi- 
mental atherogenesis, human atherosclerotic lesions, and 
cultured SMCs (6, 73, 143, 144). The SMC variants were 
originally identified on the basis of their differential migra- 
tion on porous sodium dodecyl sulfate (SDS) polyacryl- 
amide gels as well as their reactivity with myosin antibod- 
ies on Western blots (6, 216, 217). Results of these studies 
demonstrated the presence of 204- and 200-kDa MHC pro- 
teins that have been identified as SM-1 and SM-2, respec- 
tively. Subsequent studies by Periasamy and co-workers 
(180) demonstrated that the smooth muscle variants SM- 
1 and SM-2 are produced by alternative splicing of a gene 
that is unique from the genes encoding nonmuscle, skele- 
tal, or cardiac MHC isoforms. The SM-2 isoform contains 
9 amino acids not contained in SM-1 that are encoded 
by a unique 39-nucleotide exon at the COOH-terminal, 
whereas the SM-1 isoform contains a longer COOH-end 
containing 43 amino acids. The functional significance of 
these differences in the MHC tail is not known. 

More recent studies have identified additional iso- 
form diversity of SM-1 in the SI head region (5, 135, 286). 
These isoforms have been designated SM-1A and SM-1B 
Their mRNAs are completely identical in their coding re- 
gions except that the SM-1B isoform contains an insert of 
21 nucleotides, encoding 7 amino acids in a region near 
the ATP binding site in the myosin head. SI nuclease 
protection assays demonstrated that SM-1A and SM-1B 
mRNAs are coexpressed in all smooth muscle tissues, 
although the proportion of the two mRNA differs mark- 
edly between tissues. The SM-1A form predominates in 
most smooth muscle tissues including vascular SMCs. 
whereas SM-1B predominates in intestinal and urina: 
bladder SMCs. Kelley et al. (135) found that the present 
of the seven-amino acid insert in SM-1B correlated with 
a higher velocity of movement of actin filaments in vitro 
and a higher actin-activated Mg 2+ -adenosinetriphospha- 
tase (ATPase) activity compared with SM-1 A myosin, sug- 
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gesting that the presence of the insert in SM-1B may be 
of functional importance and may contribute to differ- 
ences in contractile properties between different SMC tis- 
sues [for a comprehensive review of this area see the 
recent review by Somlyo (253)]. 

Expression of smooth muscle MHC isoforms has 
been extensively scrutinized and shows a high decree of 
SMC specificity in both mature and developing organisms 
(1, 73, 74 87, 144, 164, 216). Indeed, SM-1 and SM-? may 
be the most rigorous markers for identification of differen- 
tiated SMC because, thus far, they show the highest de- 
gree of cell specificity of any of the known markers of 
differentiated SMC. There is evidence suggesting that 
smooth muscle MHCs can be expressed in subconfluent 
bovine aortic endothelial cells in culture (but not conflu- 
ent cells or endothelial cells in vivo) (25), as well as in 
myofibroblasts and myoepithelial cells in normal and ma- 
lignant human breast tissue (148). However, the results 
of these studies must be viewed with some skepticism 
since no western blot analyses were provided to docu- 
ment the specificity of the smooth muscle MHC antibodv 
emp oyed, and we have found that the principal antibodv 
employed in these studies (which is now commercially 
available from Sigma; hSM-V, catalog no. M7754) shows 
cross-reactivity with a 198- to 200-kDa nonmuscle MHC 
(presumably NMHC-B or SMemb, see Eels. 133, 143) that 

^STSmJ l l f. dothelial ceUs ™* ^grates very closely 
with SM-2, but is not recognized by our smooth muscle 
MHO-specific monoclonal antibodies (206; M M Thomp- 
son and G. K Owens, unpublished data). This cross-reac- 
tivity must also be taken into account in interpreting re- 
sults of other irnmunolabeling studies done using this anti- 
body (e.g., Refs. 25, 73, 74, 87), since this likely resulted 
n some erroneous conclusions regarding the cellular dis- 
tribution and the temporal sequence of expression of 
smooth muscle MHC isoforms during SMC differentiation/ 
maturation. 

Expression of the various MHC isoforms in SMC 
shows extensive developmental regulation (1, 144). Based 

sk oche i nical studies md Western blot analy- 

as with SM-1 and SM-2 specific antibodies as well as SI 
I £ Potion assays to distinguish SM-1 versus SM- 
P SMrl f ' 6t 31 (144) demonstrated that vascular 

I i T rabbitS ex P ressed both SM-1 and SM- 
I nomnnc 8 ', To^jf ' f6ta] SMCs "pressed the 200-kDa 
1 SJ? 6 and SM ' 1 mC isoforms but not SM-2. They 
f m^ SS ^ iSOf ° rm * at co ^grated with SM-2 2 
I ! Tk e , gdS but that did not react ^th the SM-2 
I hown"^ 0 ^ ™* MHC taafonn Was subsequently 
IfoClif tm£ \ same § rou P to be a nonmuscle MHC isc- 
|deSnSH eS cf, ed ™ a u varie, y of non-SMC tissues and was 
|fe | Memb bv Kur o-o et al. (143) and nonmuscle 

^abKe^J^ 010 Adelstein <^ 133 > ° f oonsider- 
^cufaV^ ^ ex P r ^sion was first detectable in vas- 
•!to SulflewS P ° Stna ^y ^ gradually increased 

fstage of hS' mdlC 5 tm f * at il 13 a marker of a later 
a sc or airferentiation/niatnratir.T, on i », T ,^ 
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2i£ ( 3 d ^ similar dev elopmental changes in 
MHC expression occur in humans. They reported that SM- 
1 as well as nonmuscle MHCs were expressed in fetal 
arteries of the early gestational stage, whereas SM-? was 
upregulated during late fetal and postnatal development 
In recent studies, Miano et al. (164) utilized in situ 
hybridization and ribonuclease protection assays to as- 
sess the temporal and spatial pattern of SMC differentia- 
tion during mouse development. Although their assays 
did not distinguish between SM-1 and SM-2, their results 
demonstrated that smooth muscle MHC expression was 
completely restricted to smooth muscle tissues and was 
first evident in the early developing aorta at 10.5 days 
postcoitum. No expression was demonstrated beyond the 
aorta and its arches until 12.5-13.5 days postcoitum when 
smooth muscle MHC mRNA appeared in smooth muscle 
cells of the developing gut as well as in peripheral blood 
vessels No smooth muscle MHC transcripts were ever 
detected in developing brain, heart, or skeletal muscle 
except within blood vessels within these tissues. Taken 
? 8< Sj?£ 6 p < recedin § result s establish that smooth mus- 
cle MHC is a nighly specific marker of the SMC lineage 
However, further scrutiny of smooth muscle MHC expres- 
sion may identify exceptions. This being the case, clear 
identification of a cell as a SMC should rely on analysis 
of multiple SMC differentiation markers, mcludinTXe 
case of in vivo studies, the anatomic location of the cell 
in question. 



stage nf TTt 11 b a markeT ot a later 

f smooth I ™ renu ation/maturation than SM-1 MHC, 
(oSS 6 r Cto ; ^desmon, calponin, and many 
f tne other markers of differentiated SMCs (144). Aikawa 




3. Myosin light chains 

Two smooth muscle isoforms of the alkali 17-kDa 
ight chain have been identified in vascular smooth muscle 
^^felectrophoretically distinguishable (68, 106, 112 
129). The more acidic of these has been designated LC 17 ' 
whereas the more basic form is designated LC*. fU9 
129, 157) Both the LC )7a and LC ]7b isofoCl expressed 
m vascular SMCs whereas SMCs of the gastrointestinal 
tract as weU as fibroblasts express almost exclusively the 
iA,, 7a torm (112). Both isoforms, however, are expressed 
to some extent in both smooth muscle and nonmuscle 
cells. Both LC 17a and LC 17b are the products of alternative 
gene splicing that leads to alterations in five of nine 
UUUH-terminal amino acids (106, 152, 178). A 23-kDa li«ht 
chain has also been detected in embryonic chicken giz- 
zard that is downregulated after hatching (131, 265) This 
embryonic myosin light chain (MLC) isoform is also tran- 
siently expressed in embryonic sarcomeric tissues (134) 
At this time there are no published reports of this isoform 
being expressed in vascular SMCs, and because it has not 
been cloned, it is unknown what degree of homology it 
shares with other MLCs. 

The 17-kDa light chains are believed to be necessary 
for modulating the affinity of myosin for F-actin as well 
as actin-activated ATPase activity (reviewed in Ref. 129) 
There is also some correlative evidence that different ra- 
tios of the two 17-kDa variants affect the enzymatic and 
functional properties of the actomyosin complex in that 



BEST AVAILABLE CCF7 

492 GARY K. OWENS 



Volume 75 



smooth muscle tissues enriched in the LC^ isofonn show 
a lower actomyosin ATPase activity' (112) and diminished 
maximal shortening velocity (157) compared with those 
containing more LC 17a . 

Multiple isoforms of the phosphorylatable 20-kDa 
regularory MLC have been described in arterial smooth 
muscle (reviewed in Ref. 253). This includes a "smooth 
muscle" regulatory light chain (also designated Loo-a) and 
a "nonmuscle" isoform (also designated Loo-b)- Despite 
their names that imply cell-specific expression, both are 
expressed in multiple smooth muscle as well as nonmus- 
cle cells and tissues (253, 268). For example, platelets 
contain approximately equal amounts of the smooth mus- 
cle and nonmuscle 20-kDa MLC isoforms. There are, as 
yet. no reports of there being isof ormic variants that affect 
function. 



4. Calponin and SM-22a 

Calponin is a 28- to 34-kDa protein that interacts with 
F-actin and tropomyosin in a Ca 2+ -independent manner 
and with calmodulin in a Ca 2+ -dependent manner and has 
been found to inhibit actin-activated Mg 2+ -ATPase activity 
of myosin in vitro (reviewed in Ref. 289). On the basis of 
these properties, it has been postulated to function as a 
regulator of SMC contraction. However, the mechanism 
of actin-linked regulation via calponin is by no means 
clear, either with regard to the possible role of phosphory- 
lation or with respect to the reported additional involve- 
ment of caldesmon (252, 290). Multiple isoforms of cal- 
ponin have been identified by molecular cloning (185, 
264). Two of the encoded isoforms that were originally 
identified in avian species are denoted a- and /?-calponin. 
They have 292 and 252 amino acids and M T values of 32,333 
and 28,127, respectively, and appear to be derived by alter- 
native splicing in that the nucleotide sequences are identi- 
cal except for a 120-bp insert in a-calponin that encodes 
a 40-amino acid segment corresponding to residues 217- 
256. Mammalian homologues of a- and /3-calponin have 
also been identified that have been designated h r calponin 
(for high molecular weight) and 1-calponin (for low molec- 
ular weight), respectively (2, 258). A novel calponin vari- 
ant, designated h 2j has been recently identified which 
shares a high degree of homology with a- and /?-calponin 
(or h 2 - and 1-calponin) except for a short highly acidic 
domain in the COOH-terminal (2, 258). h 2 -Calponin is ex- 
pressed by both SMCs as well as non-SMCs, and on the 
basis of sequence analysis appears to be the product of a 
separate gene from that encoding h 3 - or 1-calponin (258). 
The functional significance of calponin isoform diversity 
has yet to be elucidated. A 22-kDa protein, designated 
SM-22Q:, has also been identified in SMCs which contains 
sequence motifs that are homologous to calponin (185). 
However, unlike calponin, there is no evidence that it 
binds to any contractile protein, and at present, its func- 
tion is unknown. 

In adult organisms, the expression of the a- and /?- 
calponin (h 2 - and 1-) isoforms and SM-22a appears to be 



restricted almost exclusively to smooth muscle. Shanahan 
et al. (241) found high levels of calponin and SM-22a 
raRNA in aorta, bladder, vas deferens, and uterus but not 
in kidney or brain in adult rats. Gimona et al. (82) ob- 
served no calponin immunoreactivity in extracts o' 
chicken skeletal muscle, kidney, liver, and spleen. Taka- 
hashi et al. (263) found no evidence for expression of 
calponin in bovine atria, ventricles, or brain cortex, but 
did observe a 36-kDa immunoreactive protein in bovine 
adrenal medulla and cortex. Calponin-immunoreactive 
proteins have also been detected in bovine platelets, hu- 
man umbilical vein endothelial cells, and fibroblasts (17, 
266), although it remains to be established unequivocally 
that these are indeed calponins. One possibility is that 
these "calponrn"-immunoreactive proteins correspond tr 
h 2 -calponin, which is known to be expressed in a varien 
of non-SMC tissues (2, 258). 

Immunolabeling studies have shown that calponin 
and SM-22a expression is developmentally regulated in 
SMCs, although in most cases it is not clear which specific 
calponin isoform is being expressed. Calponin and SM- 
22a expression is first detectable in the dorsal aortas of 
the chick on days 4-6 of embryonic development (64), 
thus making it one of the earliest markers of differentiated 
SMC (see Fig. 1). Likewise, Frid et al. (74) found evidenc 
for developmental regulation of calponin in vascula: 
SMCs in humans. They (74) observed that major increases 
in calponin expression occurred relatively late in develop- 
ment (i.e., >22-24 wk of gestation). However, consistent, 
with observations of Duband et al. (64), low levels of 
calponin were also detectable in the 8- to 10-wk-old fetus, 
the earliest developmental time point studied. 



5. Caldesmon 

Caldesmon is a mayor calmodulin and actin-binding 
protein that is found in smooth muscle and nonmuscle 
cells (252). Caldesmon inhibits superprecipitation and ac- 
tomyosin Mg 2+ -ATPase activity in vitro (179). It also inhib- 
its movement of actin filaments by myosin in in vitro motil- 
ity assays (251), and exogenously added caldesmon re- 
laxes permeabilized smooth muscle fiber preparations 
(179, 252). Whereas the preceding observations sugge ' 
that caldesmon plays a role in regulation of contractio 
direct experimental evidence for this in intact smooth 
muscle tissues is currently lacking. 

Two isoforms of caldesmon can be discerned by their 
mobility on SDS polyacrylamide gels: h-caldesmon (M r of 
120,000-150,000) and 1-caldesmon (M r of 70,000-80,000) 
(252), although their predicted molecular weight based 
on sequence is somewhat less (ca 88,743 and 58,844, re- 
spectively) (109). On the basis of both Northern and 
Southern analyses and sequence comparisons, h- an 
caldesmon appear to be generated from a single gene 
alternative splicing (121, 252). The two isoforms show 
markedly different cell and tissue distributions. The h- 
caldesmon isoform is abundantly expressed in differenti- 
ated smooth muscle, whereas 1-caldesmon is found in non- 
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fig 1 Ontongeny of expression of smooth muscle cell (SMC) differentiation markers in developing vascular SMCs. 
Results shown illustrate earliest developmental stage that marker has been detected. To avoid confusion, I have not 
cited published reports that did not adequately distinguish non-smooth muscle (SM) versus SM isoforms of protons 
that serve as SMC differentiation markers (e.g., SM a-tropomyosin versus skeletal or nonmuscle ^-tropomyosin, n- vs. 
1-caldesmon v-vinculin vs. a-, a'-, and /?-vinculin) or did not comprehensively examine when in development the marker 
is first expressed * 1E12 is a monoclonal antibody recently developed against 10-day-old embryonic quail dorsal aorta 
by Hunoerford and Little. (122). 1E12 recognizes an as yet unidentified antigen that appears to be specific for SM and 
is first detectable in presumptive SMCs that surround dorsal aortic endothelium at embryonic day 3. «-* Fnd et al. (74) 
reported that major increases in expression of calponin and h-caldesmon occurred very late in development of humans 
( >99_24 wk of ^station) However, both calponin and h-caldesmon were detectable in the 9- to 10-wk-old human 
fetus the earliest developmental stage examined. Glukhova and co-workers (87, 88) also reported late expression of 
h-caldesmon and metavinculin in humans with levels detectable but low in the 10-wk-old fetus. To my knowledge, 
developmental changes in expression of metavinculin and 7 -vinculin (a SM-selective isoform) have not been systemati- 
cally characterized in other species. *** Study by Muthuchamy et al. (177) was based on analysis in whole mouse 
embryos and did not resolve SM a-tropomyosin in specific tissues. For purposes of this figure, I have assumed (unproven) 
that, expression occurred in vascular SMCs. **** Studies of Miano et al. (164) relied on in situ hybnctoation with a 
probe that did not distinguish SM-1 and SM-2 myosin heavy chain (MHC) isoforms. However, on the basis of immunolabe- 
ling studies in rabbits (139) and humans (1) showing that SM-1 expression occurs much earlier that SM-2, it is likely 
that, earliest SM MHC isoform detected by Miano et al. (164) was SM-1. e.d., Embryonic day (chicken or quail); p.c, 
days postcoitus (mouse). 



muscle tissue and cells as well as immature SMCs (252, 
275). Neither caldesmon isoform is detectable in adult 
skeletal and cardiac muscle. However, h-caldesmon is ex- 
pressed in BC3HI skeletal myoblasts following serum 
depletion and density-dependent differentiation (275). 
BC3HI cells, which were originally derived from a mouse 
brain tumor, were at one time thought to be of a smooth 
muscle lineage based on observations that they were con- 
tractile, expressed smooth muscle a-actin, and were 
mononucleate. However, there is now compelling evi- 
dence that this is not the case, in that the cell expresses 
a multitude of skeletal muscle-specific proteins and most 
likely represents a fusion defective skeletal myoblast cell 
tine (269). Whereas further studies are needed to deter- 
j mine whether h-caldesmon is also transiently expressed 
j by skeletal myoblasts in vivo, it is clear that h-caldesmon 



expression, like smooth muscle a-actin, smooth muscle 
MLCs, and calponin is not strictly limited to SMCs. As 
such, it cannot be used as an unambiguous marker for 
identification of SMC lineages to the exclusion of all other 
cell types. 

Expression of caldesmon is developmentally regu- 
lated in vascular as well as nonvascular smooth muscle. 
Duband et al. (64) first detected h-caldesmon in the dorsal 
aorta on embryonic day 6 in the chick. In developing 
gizzards, 1-caldesmon was detected in 10-day-old chick 
embryos (the earliest time point examined), whereas h- 
caldesmon was first detectable between 10 and 13 days of 
development (275). Expression of h-caldesmon increased 
progressively from day 13 in parallel with increases in 
desmin, myosin, and ^-tropomyosin. In contrast, expres- 
sion of 1-caldesmon decreased progressively to undetect- 
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able levels by 3 days posthatching. Koteliansky and co- 
workers (74, 87) examined changes in 1- and h-caldesmon 
in human aortic SMCs during development based on im- 
munohistocheniical staining with monoclonal antibodies 
for each of these proteins, as well as by gel electrophoretic 
analyses. Results demonstrated that aortic SMCs from 8- 
to 10-wk-old fetuses expressed very low levels of h-caldes- 
mon relative to 1-caldesmon. M^jor increases in h-caldes- 
mon expression in aortic SMCs occurred relatively late in 
development, including a nearly sixfold increase in the 
ratio of h- to 1-caldesmon between 10- and 24-wk-old fe- 
tuses. Taken together, these results indicate that h-caldes- 
mon may be a marker of a later SMC differentiation/matu- 
ration stage than smooth muscle a-actin but an earlier 
marker than SM-2 MHC (see Fig. 1). 

6. Vincvlin and metavincvlin 

Vinculin is a 117-kDa cytoskeletal protein associated 
with membrane actin filament attachment sites of cell-cell 
and cell-matrix adherens-type junctions (79, 200). There 
is remarkable heterogeneity of vinculin in the form of 
antigenically indistinguishable isoelectrophoretic vari- 
ants, some of which show tissue selective expression (12, 
142). These include three isoforms designated a, a', and 
(3 that are found in all cell types and a 7-form that shows 
selective expression in cardiac and smooth muscle (12). 
In addition to these isovinculins, smooth, cardiac, and 
skeletal muscle tissues were found to express a protein of 
150 kDa that was antigenically related to vinculin, denoted 
metavinculin (88, 245). Two isoforms of metavinculin 
have been described denoted a- and /^metavinculin. In 
smooth muscle, both vinculin and metavinculin are lo- 
cated in F-actin membrane attachment sites of dense 
plaques (79, 200). Both a- and /^-metavinculin show tissue- 
selective expression, with reports thus far showing ex- 
pression only in smooth and cardiac muscle (12). No infor- 
mation is available as to when y-vinculin and a- and /?- 
metavinculin are first expressed during differentiation of 
vascular SMCs. However, developmental increases in ex- 
pression of vinculin have been shown to occur postnatally 
in the human aorta (87). As such, the a- and yS-metavincul- 
ins and y-vinculin may be useful markers with which to 
study differentiation/maturation, although additional 
studies are needed in this area. It should be noted, how- 
ever, that the SMC forms of vinculin and metavinculin are 
produced by alternative splicing from a single gene, thus 
making this gene family useful for studying posttranscrip- 
tional rather than transcriptional control of SMC differen- 
tiation/maturation (29, 167). 

7. Tropomyosin 

Tropomyosins are rodlike proteins that are usually 
found in tight association with actin filaments in muscle 
and nonmuscle cells (28, 149, 161). In skeletal and cardiac 
muscle, tropomyosins play a central role in regulation of 



contraction through mediation of the calcium response of 
the troponin complex to actin filaments (66). In contrasi 
the physiological role of tropomyosins in smooth musci 
and nonmuscle cells is poorly understood, due in pan u 
the fact that these cells lack troponin (28, 161). It has 
been suggested based on biochemical observations show- 
ing association of tropomyosin with actin that it may be 
involved in stabilization of actin filaments, although direct 
evidence for this is lacking. 

Multiple isoforms of tropomyosin have been detected 
in muscle and nonmuscle cells at both the protein and 
mRNA levels (116, 119, 287). These are the products of 
an extremely complex (and often confusing) regulator 
system involving at least four different genes, each encod- 
ing multiple muscle and nonmuscle isoforms through al- 
ternative splicing (see Ref. 100 for a review). Vascular 
SMCs express several nonmuscle as well as smooth mus- 
cle tropomyosin isoforms (69, 116, 220, 287). Smooth mus- 
cle a-tropomyosin is a product of differential mRNA splic- 
ing from a single a-tropomyosin gene and is unique from 
striated and nonmuscle ^-tropomyosin isoforms by virtue 
of expression of exon 2 that encodes for amino acids 39- 
80 of the protein (220, 287). Expression of the smoo 
muscle a-tropomyosin isoform appears to be limited u< 
SMCs, at least in adult organisms (287). However, the 
tissue distribution of smooth muscle ^-tropomyosin has 
not been extensively scrutinized due in part to the lack 
of isoform-specific antibodies. Muthuchamy et al. (177) 
demonstrated that smooth muscle a-tropomyosin tran- 
scripts were first detectable as early as 4.5-6 days postcoi- 
tum in extracts of whole mouse embryos then increased 
with developmental age, with large increases in expres- 
sion occurring between 8.5 and 10 days postcoitum. Hov 
ever, no data were presented regarding what specific ceii 
types in the embryo were expressing these transcripts. 
These workers did observe expression of smooth muscle 
a-tropomyosin transcripts in undifferentiated embryonic 
stem cells and at all stages of embryoid body development 
in vitro. As such, smooth muscle ce-tropomyosin is proba- 
bly not useful as a SMC lineage marker for developmental 
studies. However, the fact that its expression in adult 
animals is restricted to SMCs and is developmental^ ref- 
lated indicates that it is useful for assessing the relau 
state of differentiation/maturation of vascular SMCs. 



8. Intermediate filament proteins 

The principal intermediate filament (i.e., 7- to 11-nm 
filaments) proteins expressed by vascular smooth muscle 
are desmin and vimentin (77, 166, 249). Cytokeratin has 
also been detected in immature SMCs during developir. it 
as well as in intimal atherosclerotic lesions (7). The pro- 
portion of desmin versus vimentin varies between differ- 
ent smooth muscle tissues and between different blood 
vessels within the vasculature. There also appear to be 
some species differences in the relative proportions and/ 
or distribution of these two proteins. Vascular smooth 
muscle in the aorta and other large conduit vessels con- 
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tains predominantly dentin rather than desmin (77) 
whereas the intermediate filaments in SMCs of smaller 
artenes and arterioles as well as gastrointestinal and uter- 
ine bMCs contain predominantly desmin (77 166 ISn 
Gabbiani and co-workers (77, 218) have also presented 
evidence for heterogeneity in expression of desmin and 
vimentin within individual SMCs within the normal aortic 
media with some cells expressing exclusively vimentin 
and others expressing both of these intermediate filament 
protems. 11 

Vimentin is expressed in a wide variety of muscle 
and nonmuscle cell types and is expressed very early in 

llLeT, r^W 170 b f ° re f0rTnati0n of ™* 
lature (14, 230). As such, it is of limited usefulness as 

either a marker of SMC lineage or for assessing the differ- 
entiation/maturation state of the SMC. Desmin expression 
is largely, but not exclusively, expressed in muscle cells 

muicWl^m n d SkSletal mUSde ' 35 WeU 35 smooth ' 
muscle (14, 230). Desmin expression is developmental^ 

regulated in skeletal and cardiac muscle showing marked 

increases in expression during myogenesis (154). Simi- 

hf y qMpf U ?^ XPreSSi °^ * devel °P™entallv regulated in 
the bMCs of the gut and urogenital tracts of the chicken 
(14) and mammals (72). However, surprisingly, there is a 
relative paucity of information regarding whether desmin 
expression is developmental^ regulated in vascular 
smooth muscle, although it does not appear to be ex- 

moZ r S ^ deVelo P m u ent of ^ great vessels in the 
mouse (230). However, it should be noted that in rodents 
desmin is also expressed at low levels in these vessels in' 

7SZ ST*! C?7) - ^ t0gether ' Studies indicSnS 
desmin is clearly not a specific marker of the SMC lineage 

but may be useful in assessing the relative state of differ- 
entiation/maturation of vascular SMCs within certain but 
probably not all, blood vessels ' 
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changes in integrin expression in vascular SMCs Gink 
hova et al. (86) studied the distribution of lamil vacant" 
chains, a major component of the extracellular matrix in 
blood vessels, and lanuriin-binding ^-associated tt -inte- 
grm subunits in human arterial SMCs during development 
using immunofluorescence methods. They found that dur- 
mg maturation of vascular SMCs in humans, there was a 
switch in expression of both laminin as well as integrin 
subunits. In aortic media of 10-wk-old fetuses Bl- B2- 
and A-laminin chains were found. At 27 wk, the S chain' 
appeared and eventually replaced the Bl-chain in the ma- 
jor part of the adult aortic media. Of the four /^-associated 
a-integnn subunits that have been shown to reco«iu2 

S^i^n^V 3nd ^ 6) ' 0nly ai Was seen * ocular 

SMCs in fetal artenes. The ^-subunit appeared in aortic 
media only in the late fetal period. In adS arteriaTmedTa 
a, and la 3 were the major potential laminin-binding- inte- 
gnns. The spatial-temporal distribution of laminin in- 
tegrin i variants in developing versus adult SMC suggests 
that they may play an important role in regulation of the 
differentiation of vascular SMCs. Duband et al. (63) found 
that ar integrin exhibited a restricted pattern of expres- 
sion m adult avian tissues, being detected only in smooth 
muscle and endothelial cells, although it was detected I in 
both the central and peripheral nervous systems and in 
striated muscles during development. Taken together the 
preceding results suggest that studies of integrin expres- 
sion may provide a useful index with which to assess the 
state of differentiation/maturation of the vascular SMCs 
However, further studies are needed to define the specific 
integnn subunits involved, their temporal patterns of ex- 

E^JSL** * developing vascular 



9. Integrirts 

conS^f^^f a PP r °P riate c eU-cell and cell-matrix 
I S?Jf C T 1 f ° r ^^on of mechanical forces 
m smooth muscle tissues and, as such, is of key impor- 
tance in development of the vasculature. Integrins are a 
SS * °f nonconvalently associated heterodimers of a- 
and£-subumts ttiat function in cell-to-cell and ceU-to-ma- 

£n H a «T S / f ° r a ^ 6VieW ' S6e Ref 123 > ^tegrins have 
been classified according to their ^-subunits, each which 

S ZT^ ^ different «" sub ^- The extraceCar 
liSaT^,? m ^™ S mediate CeU adhesion to extracel- 
nhZeTtr f d , basement membrane components, 
amem^S T ^ PlaSnUC domains ^ract ^ a c«n fil- 
^^-associated I proteins. Multiple a- and /?-subunits 

^tvST T ldentmed * at « ^ely distributed on Zst 
How^f r t ? generaJ ' mtegrins not cell type specific. 
laSTn a ' th ?, 1 " x P ression « highly developmental^ regu- 
Sv a^L CeU *? e - 1 and Action-dependent manner, and 

Relatively few studies have examined developmental 



10. Ion channels and receptors 

Vascular SMCs express a large repertoire of ion chan- 
nels and membrane receptors that are critical in influenc- 
ing the cells contractile behavior through effects on its 
electrical activities and sensitivity to stimulation bv hor- 

ST2?2S¥5f^'. ^ contractile a §°nists (see 
Refs. 12o and 2o0 for a review). The specific repertoire of 
ion channels and receptors that are expressed varies 
widely between different vascular beds and is a key deter- 
minant of the contractile responsiveness of the SMC Most 
of these receptors and ion channels are not expressed in 
multipotential cells that give rise to SMCs, but rather ap- 
pear during differentiation/maturation of the SMCs (20 
to). As such, they are logical candidates for use as SMC 
differentiation markers. With just a few possible excep- 
tions, the ion channels and receptors expressed by vascu- 
lar smooth muscle are also expressed by many other cell 
types (11, 125, 250). Moreover, there is little Mon^atioS 
available as to when they are first expressed during vascu- 
logenesis, although there is evidence for developmental 
'afsMCs 11 C ° ntraCtile ag0nist re ceptor levels in vascu- 
Expression of angiotensin H receptor subtypes has 
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been shown to be developmentally regulated in vascular 
smooth muscle (96, 282). Whereas aortic SMCs in adult 
rats express almost exclusively the AT r type angiotensin 
II receptor, a major portion of the angiotensin II recep- 
tors in the fetal rat aorta (embryonic day 18) is of the 
AT 2 type (282). Similar changes have been reported to 
occur during late fetal development in human renal arter- 
ies by Grone et al. (96). There is also evidence for postna- 
tal developmental regulation of a number of other con- 
tractile agonist receptors in vascular SMCs including 
muscarinic M 1} M 2 , and M 3 receptors (37); vasopressin 
V! and V 2 receptors (190); a r adrenergic receptors (242); 
and /?-adrenergic receptors (232). No studies, however, 
have been reported indicating when these contractile ag- 
onist receptors are first expressed during embryonic de- 
velopment of vascular SMCs. 

Hart et al. (105) have presented evidence suggesting 
that colonic SMCs express a unique K + channel, desig- 
nated CSMK1, that is expressed in colonic SMCs and brain 
but not in the portal vein, renal artery, uterus, or heart. 
To my knowledge, no vascular SMC-specific ion channels 
have 'as yet been identified. There is, however, clear evi- 
dence for differential regulation of ion channel function 
in SMCs (113). This suggests that at least some of the 
molecules that regulate ion channel function in SMCs may 
be SMC specific/selective and could be used as differentia- 
tion markers, although as yet, no studies have examined 
the developmental regulation of these factors. 



IV. DEVELOPMENTAL ORIGIN OF VASCULAR SMOOTH MUSCLE 

Early investigators have provided detailed descrip- 
tions of the development of extra- and intraembryonic 
blood vessels (91, 158, 186, 199, 205). From these studies 
it is apparent that two separate processes contribute to 
vessel formation. Vasculogenesis is the de novo formation 
of blood vessels in which vascular precursor cells, angio- 
blasts, differentiate from mesoderm to form endothelial 
cells, which then coalesce to form -intact blood vessels. 
Angiogenesis is the process by which the vascular net- 
work is extended by the budding of preexisting vessels. 
In each of these cases, the blood vessel initially consists 
of a single layer of endothelial cells embedded in a scaf- 
folding of extracellular matrix (173, 205, 210). Develop- 
ment of larger blood vessels, i.e., arteries, arterioles, ve- 
nules, and veins, from these initial vessels involves re- 
cruitment of SMC precursor cells into the region 
surrounding the endothelial tubes with subsequent mor- 
phogenesis of the appropriate blood vessel (see also sect. 
viiBl). While much is known regarding the embryological 
origins of vascular endothelial cells that line the blood 
vessels (reviewed in Refs. 48, 186, 205), relatively little is 
known regarding the origins of the precursor cells that 
give rise to vascular smooth muscle cells. 

Morphological studies have shown that during vascu- 
logenesis "putative" smooth muscle precursor cells ap- 
pear at stage 11 [Hamburger and Hamilton (102), day 2 
of development] in the developing chick embryo as one 
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to two layers of relatively undifferentiated mesenchymal 
cells that surround the developing endothelial cells of 
formed vessels (91, 115, 173, 199). By stage 19 (ca 68-72 
h of development), the cells that surround the endothelial 
ceD layer are recognizably different from undifferentiate: 
mesenchyme but are not yet clearly recognizable as 
smooth muscle in that they lack basement membranes, 
attachment bodies, or pinocytotic vessels. However, cells 
have abundant thin filaments and may already possess 
contractile activity as indicated by the smaller caliber of 
the vessels at this stage. After stage 22 (ca 3.5 days of 
development), there is continuous accretion of mesen- 
chyme into smooth muscle, and veins and arteries become 
clearly distinguishable. Arterialization of developing capil- 
laries, i.e., incorporation of SMCs around endothelial cell 
that form the capillary, coincides with establishment oi 
blood flow and an increase in blood pressure within the 
endothelial tube (120). This has led to speculation that 
mechanical forces play an important role in recruitment 
and differentiation of SMCs during arterialization. 

A limitation of early studies was that they relied on 
morphological characteristics that are not unique to 
SMCs, as well as juxtaposition to endothelial cells as the 
sole means for identification of SMCs. This may have led 
to misidentification of SMCs and prohibited early positiv 
identification of SMC precursors before their recruitment 
into the vessel wall. A number of investigators have at- 
tempted to identify the earliest origins of vascular SMCs 
by using antibodies directed against proteins that are 
characteristic of differentiated SMCs. The most exten- 
sively studied marker has been smooth muscle a-actin, 
and this appears to be the earliest known marker of differ- 
entiated SMCs expressed by presumptive SMCs that sur- 
round the primitive endothelium in the developing dorsa 
aortas (64, 122). Smooth muscle a-actin is transiently e.- 
pressed in the epimyocardium of the avian embryo be- 
tween Hamburger and Hamilton stage 8-10 (221, 260), 
Xenopus from stage 37/38 and stage 46 (222), and the rat 
at gestational day 10 (229, 291). Expression then becomes 
rapidly restricted to visceral SMCs of the presumptive gut 
and the vascular SMCs of large vessels in the anterior 
portion of the embryo, where it has been detected as 
early as Hamburger and Hamilton stage 18 (or day 2.5 of 
development) in the quail (64, 122), stage 40/41 mXenop 
(222), and gestational day 10 in the rat (229). In the r:<:. 
smooth muscle actins were not observed in developing 
smooth muscle of other organs until day 14, when the 
mesenchyme condensing around the developing lung and 
gut stained with smooth muscle a-actin antibodies. Unfor- 
tunately, no markers have been described that recognize 
smooth muscle precursor cells (i.e., committed but undif- 
ferentiated SMCs), and no studies have as yet been re- 
ported using tagging techniques to map the earliest origins 
of vascular SMCs. As a consequence, the origins of Sk'. 
are poorly defined. 

Gross mapping of the embryological origins of vascu- 
lar SMCs, however, has been accomplished using interspe- 
cies grafting techniques in which regions of developing 
embryos from one species (usually quail) are surgically 
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removed and transplanted to a host embryo from another 
species (150, 205). The species of origin of cells typically 
is identified based on nucleolar appearance or some other 
distinguishing trait. Results of these studies have shown 
that vascular SMCs are derived from the splanchnic layer 
of the ventrolateral plate mesoderm (150). The exception 
to this is for the great vessels of the head and neck, which 
are derived from neural crest mesectodermal cells (118, 
150). Note that this exception is by no means unique to 
SMGs, in that in the head, many of the neural crest cells 
will differentiate into cartilage, bone, and other connec- 
tive tissues, which elsewhere in the body arise from the 
mesoderm. 

A major limitation of studies of SMC development is 
that no studies as yet have defined the origins or more 
importantly the precise; timing of the inductive event that 
results in commitment of multipotential cells to the SMC 
lineage. However, given the extreme plasticity of fully 
differentiated SMCs and their ability to assume many dif- 
ferent phenotypes, consideration of commitment or deter- 
mination for SMCs is likely to be quite different from in 
many other cell types such as skeletal and cardiac muscle 
which undergo terminal differentiation to phenotypes that 
are much more restricted in nature. In any case, there is 
a need for embiyologica! tagging studies using retrovi- 
ruses, or other markers to identify the precise origins of 
vascular smooth muscle and the timing of the inductive 
event. It has been suggested that SMCs arise at multiple 
diffuse sites throughout the embryo, rather than from a 
discrete locus or loci. However, this cannot be definitively 
ascertained until the precise timing of the inductive event 
that results in commitment of multipotential cells to the 
SMC lineage is clearly defined. Although a separate issue 
we have recently presented evidence suggesting that arte- 
nalization (i.e., the formation of arteries from capillaries) 
during angiogenesis involves recruitment of SMCs from 
upstream feed vessels (i.e., terminal arterioles) rather 
than recruitment of "new SMCs" from primitive precursor 
cells from within the mesenchyme (206). 

V. DEVELOPMENTAL CHANGES IN CONTRACTILE PROTEIN 
EXPRESSION IN VASCULAR SMOOTH MUSCLE CELLS: 
EVIDENCE FOR ASYNCHRONOUS DIFFERENTIATION 

As indicated in sections i-rv, there is clear evidence 
lor developmental regulation of contractile protein ex- 
pression in vascular SMCs. However, as yet, complete 
tapping of the time course of changes in expression of 
each of the known SMC differentiation marker proteins 
over the entire development time course has not been 
completed in a single species. In addition, there are some 
uncertainties regarding the specificity of some of the bio- 

nemical techniques and antibodies employed to assess 
expression of contractile protein isoforms in certain stud- 
nw if conse( l uence > ^ is difficult to construct a com- 
evn chronol °Sy of changes in SMC contractile protein 
£ J^T duiing devel °P ment of the vascular system. 

evertneless, certain clear patterns are emerging. These 



are summarized in Figure 1, which shows the ontogeny 
of changes in contractile protein expression in vascular 
smooth muscle in the developing vasculature. The pre- 
sumption in this diagram is that there is a continuum of 
differentiated phenotypes that exists between the com- 
mitted but as yet undifferentiated SMC precursor cell at 
one end of the spectrum and the fully contractile mature 
SMC at the other end of the spectrum. 

The earhest known marker of differentiated SMCs is 
smooth muscle a-actin, which is induced coincident with 
recruitment of presumptive SMC precursors into the ves- 
sel wall (64, 166). There is then sequential induction of 
additional differentiation-specific marker proteins that 
continues late in vascular development, with SM-1 MHC 
calponin, h-caldesmon, and SM-22 being markers of the 
intermediate stages of SMC differentiation/maturation 
(64, 122, 144, 164) and SM-2 MHC being a marker of late 
differentiation or maturation stages (1, 144, 166). 

Under normal circumstances, the expression of most 
if not all, of the SMC differentiation markers appears to 
be relatively uniform between SMCs within mature blood 
vessels (64, 144, 166), with some possible exceptions that 
will be discussed later in this section. However, this is 
clearly not the case during development, where there is 
clear evidence for heterogeneity in contractile protein ex- 
pression between different SMCs within a given blood 
vessel. Such observations indicate that the developmental 
timing of expression of the various SMC differentiation 
markers is not synchronous (84, 140, 197). For example, 
whereas the majority of vascular smooth muscle cells in 
near-term fetuses and newborn rats express smooth mus- 
cle a-actin, our studies (197) and those of Kocher and 
Gabbiani (140) demonstrated that a subpopulation of me- 
dial cells, presumably SMCs, in the newborn rat aorta 
express no detectable smooth muscle a-actin based on 
staining with a monoclonal antibody specific for smooth 
muscle a-actin (248). The [ 3 H] thymidine labeling index 
was much higher in these cells than in smooth muscle a- 
actm-containing cells, suggesting that there is a subpopu- 
lation of relatively undifferentiated SMCs in the newborn 
rat aorta that show increased proliferation (197). How- 
ever, consistent with ultrastructural studies showing that 
mitotic SMCs contain abundant myofilaments (47, & 124), 
some smooth muscle a-actin-positive cells were labeled 
with [ H]thymidine (197), indicating that differentiation 
and proliferation are not mutually exclusive in vascular 
smooth muscle. Similar evidence for heterogeneity of ex- 
pression of smooth muscle MHC isoforms between differ- 
ent SMCs within a given blood vessel has been observed 
by Sartore and co-workers (84) in the developing rabbit 
aorta 

Developmental increases in contractile protein con- 
tent in smooth muscle correlate closely with increasing 
contractility of the tissue and are undoubtedly important 
m this regard (69, 174). However, the functional signifi- 
cance of shifts from nonmuscle to smooth muscle variants 
of contractile proteins is much less clear, given the high 
degree of homology between these proteins. Moreover 
with few exceptions, there is little direct evidence that 
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nonmuscle and smooth muscle variants differ significantly 
with regard to biochemical or biophysical characteristics 
(see Refs. 253 and 204 for reviews), implying that there 
may not be major functional differences between iso- 
forms. An alternative possibility is that multiple isoforms 
of many of the contractile proteins evolved, at least in 
pan. as a means of attaining tissue-specific regulation of 
proteins that are ubiquitous to all cells. For example, pro- 
teins such as actin and myosin must be present to some 
extent in all cells, since they are required for cytokinesis 
and ceD motility (204). However, the high mechanical 
forces produced by SMCs require that they express much 
higher levels of these proteins than nonmuscle cells (174). 
As such, it is clear that an understanding of the regulation 
of differentiation of vascular SMCs will be dependent not 
only on mechanisms that lead to qualitative shifts in which 
contractile protein isoforms are expressed, but also on 
what controls the very high level of expression of these 
proteins in fully differentiated SMCs. It is also possible, 
however, that there are important functional differences 
between the nonmuscle and smooth muscle variants of 
the various contractile proteins that remain to be identi- 
fied (see sect. in). 

Whereas the SMCs principal function in mature tis- 
sues is contraction, this cell also has important synthetic 
functions during development, as well as after vascular 
injury, and it is the major source of the extracellular ma- 
trix components of the blood vessel wall (39, 103, 183, 
241). Thus any consideration of the developmental biol- 
ogy of the SMC must take into account this multifunction- 
ality. Moreover, whereas the contractile and synthetic 
functions of smooth muscle appear to be inversely corre- 
lated to some extent, they are clearly not mutually exclu- 
sive. Smooth muscle cells in developing blood vessels si- 
multaneously express multiple smooth muscle contractile 
proteins and a variety of extracellular matrix proteins in- 
cluding elastin and collagen (103, 241). Furthermore, fully 
differentiated SMCs in mature blood vessels continue to 
synthesize extracellular matrix components, although at 
a reduced level, and retain the ability to increase this 
synthesis following vascular injury (183). Thus there is a 
continuum of phenotypes available to the SMC ranging 
from a developmentally immature but committed SMC 
that proliferates rapidly and expresses low levels of 
smooth muscle contractile proteins to the fully differenti- 
ated SMC that shows a low proliferative rate and is a cell 
geared almost exclusively to contraction. 

There is little evidence that there are subtypes of 
SMCs in adult animals that subserve primarily a synthetic/ 
secretory role under normal conditions (1, 64, 73, 144, 
166). Rather, when such cells appear, such as after vascu- 
lar injury or in diseases such as atherosclerosis, they ap- 
pear to be derived from fully contractile SMCs (45, 238). 
An exception is in chickens in which there is a subtype 
of medial cell in the normal adult aorta, termed the intra- 
laminar cell, that is clearly distinguishable on a morpho- 
logical basis (169). This cell is much smaller than normal 
contractile SMCs and contains an abundance of ribo- 
somes, Golgi apparatus, and other cellular organelles 



which suggests that it is a highly synthetic/secretory cell. 
Little is known regarding this cell type, including whether 
it actually represents a true SMC lineage, and whether ar 
equivalent cell type (although presumably having les; 
overt, differences in its morphology, frequency, etc. thai 
has allowed it to escape detection) might also exist in 
mature blood vessels in mammalian species. 



VI. UTILITY OF CULTURED SMOOTH MUSCLE CELLS 
FOR STUDYING REGULATION OF SMOOTH MUSCLE 
CELL DIFFERENTIATION 

Consideration of the factors and mechanisms tha. 
regulate the differentiated state of SMC is complicated by 
the extreme plasticity of this cell type which enables it to 
undergo rapid and reversible changes in its phenotype in 
response to environmental influences. Indeed, mainte- 
nance of the differentiated state of the SMC is likely to 
be dependent on continuous regulation, rather than more 
permanent regulatory controls, to a much greater extent 
than cells with less cellular plasticity such as skeletal 
muscle (22). This, coupled with evidence that SMCs a? 
derived from multiple lineages, suggests that SMC diffe- 
entiation is under control of complex local cues that at 
present are not well defined. Whereas mechanical, meta- 
bolic, neural, and humoral stimuli are likely to play an 
important role, relatively little direct evidence is available 
to demonstrate an effect of these factors on SMC differen- 
tiation/maturation, and almost nothing is known regarding 
the precise mechanisms whereby these stimuli might man- 
ifest their effects. 

The relative paucity of information regarding reguh 
tion of SMC differentiation is due in part to inadequacies 
in the early SMC cultures that were available for studying 
SMC differentiation. This included limitations with re- 
spect to the inducibility and/or retention of the differenti- 
ated phenotype in vitro, to inadequate or incomplete char- 
acterization of the differentiated phenotype of the cul- 
tured SMCs, and in many instances to the failure to clearly 
establish that the cells studied were SMCs. An example 
of the latter is the BC 3 H1 cell line which was original 
derived from a muscle brain tumor (233) and was pi. 
ported by a number of investigators to be a model for 
studying SMC differentiation. However, there is now un- 
equivocal evidence that this is not the case in that this 
cell expresses almost exclusively skeletal muscle variants 
of contractile proteins (269) and does not express SMC 
differentiation markers such as smooth muscle MHC (164; 
G. Owens and M. McCanna, unpublished data) or calponin 
(81). Although the cell does express smooth muscle a- 
actin (259), this alone cannot be interpreted as evider ° 
of SMC lineage, particularly since skeletal muscle in v ! 
also transiently expresses this gene during development 
(229, 291). The BC 3 H1 cell does, however, provide an in- 
teresting system with which to study molecular regulation 
of smooth muscle a-actin expression* in non-SMC systems 
(71). A number of other purported SMC lines such as A7n> 
and A10 (138) express some SMC differentiation markers 
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such as smooth muscle or-actin, but require characteriza- 
tion of additional markers to unequivocally establish their 
SMC lineage. 

Much progress has been made in recent years to im- 
prove the SMC cultures that are available with respect to 
retention of differentiated properties, as well as the crite- 
ria utilized to evaluate their identity and differentiated 
state (32, 132, 140, 176, 193, 215, 216). As such, it has only 
been in recent years that acceptable culture models have 
become available with which to begin to systematically 
investigate regulation of SMC differentiation. 

Smooth muscle cells, like virtually all cultured cells, 
undergo extensive changes in their differentiated pheno- 
type when grown in vitro (32, 40, 82, 132, 140, 193, 215, 
216, 239, 240). This is not surprising given the plasticity 
of the SMCs and the fact that it is virtually impossible to 
mimic in vivo conditions in culture. The so-called pheno- 
typic modulation process was first described in a series 
of pioneering studies by Chamley-Campbell et al. (see Ref. 
40 for a review), who found that vascular SMCs showed 
gradual loss of morphologically and immunocytologically 
identifiable myofilaments as well as contractility when 
grown in culture. Consistent with these results, it was 
subsequently demonstrated that SMCs show decreased 
expression of a number of smooth muscle contractile pro- 
teins including smooth muscle a-actin (32, 193), smooth 
muscle MHC (132, 216), calponin (82, 241), SM-22a (82, 
241), h-caldesmon (82), vinculin/metavincuhn (12), and 
20-kDa myosin light chains (168, 268), as well as increased 
expression of the nonmuscle variants of these proteins 
when placed in culture. Importantly, although we (193, 
216), like Chamley-Campbell et al. (40) found that alter- 
ations in actin and myosin content occurred relatively 
slowly when SMCs were placed in culture, changes in the 
synthesis of these contractile proteins occurred immedi- 
ately. This indicates that the SMC rapidly alters its gene 
expression patterns in response to cell isolation proce- 
dure and placement in culture and that the slow kinetics 
of changes in contractile protein content are likely a func- 
tion of the relatively long half-lives of these proteins. The 
rapidity of the changes in gene expression that occur 
when SMCs are isolated is of critical importance when 
considering possible uses of either freshly isolated or cul- 
tured SMCs. This is particularly true if the experimental 
questions being addressed involve relatively short-lived 
regulatory molecules. 

The extent of phenotypic modulation and its revers- 
ibility appears to be dependent on many factors, and this 
, has undoubtedly contributed to many of the controversies 
I that exist in the literature regarding the biology of the 
t vascular SMC. Critical factors include the methods of cell 
[ isolation and cell passaging, the initial plating density, the 
I presence or absence of serum or mitogens, the specific 
I lot of serum used, the age of the animal from which cells 
I are derived, and the substrate on which cells are grown 
I (21, 40, 51, 111, 176, 239, 270, 271). It is now clear that 
I there is not complete and irreversible loss of smooth mus- 
| de-specific contractile proteins in cultured SMCs. Numer- 
i ous investigators have shown that SMCs derived from a 
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variety of blood vessels and species can be grown under 
conditions in which they continue to express smooth mus- 
cle contractile proteins (32, 40, 43, 132, 140, 193, 215, 216, 
239) as well as contractile responsiveness (24, 168, 176, 
262) for many passages, if not indefinitely in culture. For 
example, the rat aortic SMCs used extensively in our labo- 
ratory undergo agonist-induced Ca 2 " transients and MLC 
phosphorylation in response to a variety of different con r 
tractile agonists including angiotensin H, norepinephrine, 
endothelin, and arginine vasopressin (168). These SMCs 
also continue to express all of the known SMC differentia- 
tion markers thus far examined including smooth muscle 
ff-actin, smooth muscle MHCs, h-caldesmon, smooth mus- 
cle a-tropomyosin, and smooth muscle MLC, albeit at re- 
duced levels relative to expression of the nonsmooth mus- 
cle variants of these proteins (116, 168, 193, 216). We 
have found that a key to retaining expression of these 
differentiation markers is to optimize for the initial yield 
of viable cells, and to passage cells at subconfluency so 
as to avoid selection for cells that show loss of contact 
inhibition of growth. Other investigators have reported 
methods whereby SMCs retain contractile capabilities 
through multiple passages in cell culture (24, 176). In most 
of these cases, SMC contraction was assessed on cells 
grown on deformable substrates rather than directly on 
nondeformable plastic culture dishes, thus permitting cell 
shortening without cells having to disengage from the un- 
derlying matrix. Indeed, in many cases, the ability to show 
contractile ability in cultured SMCs may be due to a detec- 
tion problem rather than inherent differences in contrac- 
tile capability of SMC primary lines derived using different 
cell-culture methods. However, this is not to undermine 
the critical importance of culture methodologies in de- 
termining the extent to which cultured SMCs express 
characteristics of differentiated SMCs in vivo, atopic that 
is considered in further detail below. Before reviewing 
this area, however, it is important to first consider why 
we use cultured cells, their principal limitations, and what 
are appropriate versus inappropriate questions to address 
using them. 

The two principal advantages of using cultured cells 
are 7) to allow better control of experimental variables, 
that is, identical replicate plates of a single cell type can 
be exposed to a single experimental variable, something 
which is almost never possible in intact tissue or whole 
animal experiments due to genetic diversity between ani- 
mals, cell-cell interactions, indirect or unknown effects of 
your experimental test variable, etc.; and 2) to provide a 
more reliable, manipulatable, and/or consistent source of 
relatively large amounts of biological material that is often 
needed for biochemical or molecular studies. The major 
disadvantage is that cells are undoubtedly modified as 
compared with their in vivo counterparts. As such, one 
must be careful as to what types of questions are asked 
and appreciate that any results obtained may not neces- 
sarily reflect what occurs in vivo in fully differentiated 
SMCs in their normal environment. Nevertheless, cultured 
cell systems provide a very powerful means to study key 
regulatory pathways that are of interest based on in vivo 
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studies and, in particular, a means to identify the key 
components and regulatory controls in that pathway that 
would not be possible with any other experimental ap- 
proach This information can then be tested in a variety 
of in vivo animal model systems including use, at least in 
the mouse, of rapidly improving technologies for making 
transgenic and/or gene knockout/replacement animals 
(see reviews in Refs. 8, 98, 211). 

A verv common practice in the vascular biology field 
has been to try to elucidate possible in vivo differences 
between vascular SMCs on the basis of comparison of the 
properties of cultured cells derived from different, animal 
models or different vascular sources (e.g., intima vs. me- 
dial cells). Whereas this has yielded some useful informa- 
tion results obtained with such an approach must be 
viewed with extreme caution. A major problem is that 
there is clear evidence that SMCs derived from a different 
original source, including a different species, different 
strains of the same species, different ages of animals of 
the same strain, or even different blood vessels within 
an individual animal, can undergo differential phenotypic 
modulation under identical culture conditions; that is, dif- 
ferences that existed in vivo result in the cells responding 
different!*- to a given set of culture conditions. This prob- 
lem is illustrated by the following example, which is just 
one of many of its type that exist in the SMC field. 

Numerous studies have attempted to elucidate mech- 
anisms that are responsible for the altered growth of vas- 
cular SMCs that occurs in vivo in association with hyper- 
tension, on the basis of comparison of the growth proper- 
ties of SMCs derived from blood vessels of hypertensive 
versus normotensive animals. The most common example 
has involved direct comparison of the growth properties 
of cultured SMCs derived from the spontaneously hyper- 
tensive rat (SHR) as compared with those derived from 
its normotensive counterpart, the Wistar-Kyoto rat. (WKY). 
In addition to the problems relating to the genetic diver- 
sity between these two rat strains that compromises even 
in vivo studies (reviewed in Ref. 255), there is clear evi- 
dence that aortic SMCs from these two different rat 
strains undergo differential phenotypic modulation under 
identical conditions of cell culture. For example, we (G. 
Owens and A. Geisterfer, unpublished data) and Rosen et 
al (212) found that SMC derived from WKY, but not those 
derived from the SHR, reverted to a polyploid state when 
grown in in vitro culture. This is just the opposite of what 
occurred in vivo, where the SHR SMCs preferentially de- 
veloped polyploidy (196). The cultured SMCs derived 
from SHR grow faster than those derived from WKY (198, 
223), although differences in proliferation rates are not 
observed in vivo (194, 196). Rather, medial hypertrophy 
of the aorta in SHR is due to enlargement or hypertrophy 
of existing SMCs with little or no SMC proliferation. As 
such, it is clear that any direct comparison of growth 
properties or any other parameter between SMC derived 
from these two species involves a large number of unde- 
fined variables relating to the differential effects of culture 
on the two cell types. This is just one of many examples 
that illustrate the potential problems associated with at- 



tempting to deduce in vivo differences on the basis of 
direct comparisons of the properties of SMCs derived 
from original sources that differ in any significant, way. 

This is not to say that such an experimental approach 
cannot be a productive means of investigation. Indeed, 
studies from a number of laboratories have identified po- 
tentially interesting SMC genes on the basis of qualitative 
comparisons between SMCs derived from dtferent 
sources. For example, Schwartz and co-workers (80, lol, 
235) and others (103, 241) have identified a number of 
°enes that show altered expression during development, 
including osteopoitin, elastin, insulin-like growth factor H, 
F-31 and SM-22a by comparing gene expression patterns 
between cultured aortic SMCs derived from newborn ver- 
sus adult rats. Similarly, several genes that show altered 
expression in intimal lesions of atherosclerotic plaques 
were first identified based on differential expression in 
cultured SMC derived from intimal versus medial blood 
vessel segments (283). Results of these studies have 
shown that SMCs derived from different sources show 
markedly different phenotypes in culture. Importantly, 
however, the phenotypes exhibited are remarkably con- 
sistent between different independent primary cultures 
from a given source, and remarkably stable for many pas- 
sages in culture. An example are the "pup"- versus the 
"adulf'-derived SMC cultures described by Schwartz and 
co-workers (80, 151, 235). The adult SMCs, which are de- 
rived from aortas of 3- to 5-mo-old Sprague-Dawley rats, 
show the typical hill-and-valley morphology that is charac- 
teristic of most SMC cultures, and their growth is depen- 
dent on exogenous growth factors. In contrast, the pup- 
derived SMC, which are derived from aorta of 3- to 4- 
day-old Sprague-Dawley rats, show an "endothelial' -like 
cobblestone morphology and are capable of growing in 
the absence of exogenous growth factors (235). Interest- 
ingly the pup-derived cells exhibit a number of features 
in common with cells derived from intimal lesions of adult 
animals (283). The reasons for these strikingly different 
phenotypes are not clear, although at least some of the 
differences observed could represent differential pheno- 
typic modulation of cells derived from different sources 
to the particular culture conditions employed. However, 
some of the differences in gene expression found in cul- 
tured SMCs derived from different sources, such as alter- 
ations in elastin, osteopontin, and SM-22a expression (80, 
103 241), have also been found to exist in vivo. As such, 
use' of these SMC culture systems may be valuable in 
identifying the cellular and molecular processes that con- 
trol some of the many "alternative phenotypes" of the 
vascular SMC. However, it is critical that evidence be 
provided that the "phenotype" observed is biologically 
relevant, and not simply an artifact of in vitro culture. 

A wide variety of different methods have been de- 
scribed for isolating and culturing vascular SMCs denvec 
from multiple blood vessels and species of ongm. These 
have previously been reviewed by Chamley-Campbell et 
al (40) and will not be discussed in detail here. Two 
«eneral methods are employed for initially obtaining the 
cells- J) enzymatic dissociation into single cells using van- 
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ous proteolytic enzymes including elastase, colla°enase 
dispase, and trypsin or 2) explant techniques in° which 
cells migrate out of small pieces of tissue. Although no 
doubt an oversimplification, the general experience has 
been that SMCs derived by enzymatic dissociation retain 
their differentiated properties to a greater extent than do 
explant-derived cells. This may relate to the additional 
selection pressure on these cells in that they must be 
capable of migrating out of the tissue segment to be cul- 
tured. The explant-derived SMCs, however, may provide 
a model system that better rnimics the pathological state 
of the SMCs exhibited within intimal lesions. Smooth mus- 
cle cell cultures maintained in the absence of serum or 
other purified mitogens have been reported to show de- 
layed phenorypic modulation (247, 262). Whereas this is 
of use for certain types of short-term culture experiments 
it obviates one of the principal reasons for using cultured 
cells, i.e., to produce large amounts of biological material 
Moreover, as discussed in section vil4, it is clear that 
proliferation and retention of many differentiated proper- 
ties in SMCs are not necessarily mutually exclusive 

As is evident from the preceding, there is no right or 
wrong culture method to use. Rather, the choice should 
be dependent on what experimental question is being ad- 
dressed. As a starting point, the investigator is advised to 
adopt a method already in the literature which appears 
to best retain the specific properties of interest The cell 
culture system selected then needs to be carefully charac- 
terized for the properties of interest in that laboratory to 
test for differences that are likely to occur due to the use 
ot different isolation enzymes or serum lots. 



VII. FACTORS THAT INFLUENCE THE DIFFERENTIATED STATE 
OF VASCULAR SMOOTH MUSCLE CELLS 

A. Groivth State 

While it is clear that SMCs in culture are phenotypi- 
cally modulated and show much increased rates of «rowth 
as compared with their in vivo counterparts, the relation- 
ship between growth and differentiation in vascular SMCs 
is not fully understood. It has been suggested, based on 
observations that loss of myosin- and actin-containing fil- 
aments preceded onset of cell proliferation in primary 
culture, that SMCs. normally exist in a nonproliferating 
contractile state" and must modulate to a "synthetic 
state as a prerequisite for cellular proliferation (40 270) 
whereas this is an attractive hypothesis, there are a num- 
ber ol limitations in the experimental data supporting it A 
^occurring weakness has been the inability to distinguish 
oetween changes that were truly growth related and those 
mat merely represented an adaptation to growth/survival 
n a tn , In additi0n> data were stric1J y correlative in 
nS? ' T "u 15 UnClear whether there was a cause-effect 
reiafrons hl p between alterations in SMC phenotype and 
onset of proliferation. Other groups (15, 97, 108, 237), 
including our own (193), do not observe a prolonged la« 



period (p-( days) before onset of cell proliferation in 
culture, and such lag times have not been observed in 
organ culture systems in which cells are not enzvmaticallv 
dissociated (58, 117). Furthermore, De Mey et al (58) 
showed that loss of contractility in vascular smooth mus- 
cle organ culture occurred independent of onset of cell 
proliferation. Most importantly, the time course for SMC 
modulation proposed based on experiments in primary 
cultures of SMCs (40) is inconsistent with the kinetics of 
initiation of SMC proliferation in vivo following vascular 
injury (44). This raises the possibility that the delayed 
onset of proliferation observed may have been due at 
least in part, to cell damage during the isolation procedure 
rather than to a requirement for phenotypic modulation 
Consistent with this, electron microscopic studies have 
clearly shown that mitotic SMCs in intact smooth muscle 
tissues m vivo express many characteristics of differenti- 
ated SMCs (47, 124). Thus, whereas the hypothesis that 
the differentiated state of a SMC is a critical determinant 
ot its growth responsiveness is attractive, and is sup- 
ported by an abundance of circumstantial evidence direct 
evidence is lacking. Among the central issues that need 
to be addressed are the following: 1) What extent of SMC 
duTerentiation/maturation is compatible with prolifera- 
tion? 2) How distinctive are the various differentiated 
states that are available to the SMCs and what changes 
in growth potential are associated with each state? V) 
How reversible are transitions from one state to the other? 
4) What controls these transitions? 

Studies in my laboratory, and others, have demon- 
strated that the effect of growth stimulation per se on 
expression of smooth muscle differentiation markers is 
variable depending on the particular means of stimulating 
SMC growth and the SMC differentiation marker exam* 
med (19, 51, 116, 216). For example, in early studies we 
observed that the fractional expression of smooth muscle 
isoforms of actin (21, 193) relative to the nonmuscle forms 
was markedly reduced at the protein level in logarithmi- 
cally growing subconfluent SMCs as compared with post- 
confluent contact-inhibited SMCs [both in 10% fetal bovine 
serum (FBS)] or subconfluent SMCs growth arrested in a 
denned serum-free medium. However, subsequent studies 
showed that this was due primarily to growth-induced 
increases in expression of nonmuscle /?-actin rather than 

no 6 ^?", 111 thC ex P ression of smooth muscle a-actin 
(.ly, 51). Indeed, the accumulation of smooth muscle a- 
actm in postconfluent SMCs was not accompanied by cor- 
responding increases in smooth muscle a-actin mRNA lev- 
els or synthesis per cell, indicating that the smooth muscle 
a-actin gene is constitutively active under these condi- 
tions and that the accumulation of a-actin in postconflu- 
ent cells was mediated posttranslationally by an increased 
effective half-life of the protein (50, 51). In contrast, syn- 
thesis of smooth muscle myosin isoforms SM-1 and SM- 
2 was increased in growth-arrested cells as compared with 
growing cells (116, 216). Results indicate that SMCs un- 
like cardiac or skeletal muscle cells (188), are capable 
of sustained expression of at least some muscle-specific 
contractile proteins during cellular proliferation 
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To further explore the relationship between SMC 
growth and differentiation in SMCs, we compared the ef- 
fects of platelet-derived growth factor (PDGF)-induced (a 
mixture of homodimeric and heterodimeric forms derived 
from human platelets) or serum-induced growth on actin 
expression in postconfluent quiescent cultures main- 
tained in a defined serum-free medium (19, 50, 51). 
Whereas both factors elicited a potent proliferative re- 
sponse and decreased fractional smooth muscle a-actin 
synthesis, their effects on actin isoform expression were 
quite different Platelet-derived growth factor induced a 
rapid drop in smooth muscle a-actin steady-state mRNA 
level as well as in the absolute rate of synthesis of smooth 
muscle a-actin, but had no effect on either nonmuscle /?- 
actin mRNA levels or synthesis (50, 51). In contrast, serum 
stimulated a marked increase in nonmuscle /?-actin mRNA 
levels and synthesis but had no effect on smooth muscle 
a-actin expression. Additional studies demonstrated that 
chronic PDGF treatment was capable of repressing 
smooth muscle a-actin expression in the absence of sus- 
tained mitogenesis, that PDGF-induced repression of 
smooth muscle a-actin expression was fully reversible, 
that the A chain of PDGF was not required for these ef- 
fects, and that the 50% effective dose for PDGF-induced 
mitogenesis was two- to fourfold higher than that for re- 
pression of smooth muscle a-actin expression (19). Other 
purified growth factors, including basic fibroblast growth 
factor (bFGF), epidermal growth factor, insulin-like 
growth factor, or combinations of these had little or no 
effect on either smooth muscle a-actin expression or SMC 
growth (19). In more recent studies, we found that the 
effects of PDGF were not limited to smooth muscle a- 
actin, but rather appeared to represent a more generalized 
suppressive effect on the expression of a variety of 
smooth muscle differentiation markers including smooth 
muscle MHC and smooth muscle a-tropomyosin, which 
both show rapid and dramatic decreases in expression at 
both the protein and mRNA levels following PDGF B chain 
(PDGF-BB) stimulation (116). These effects, like those 
on actin, were highly selective in that PDGF-BB nearly 
abolished expression of the smooth muscle variants of 
these proteins without affecting the nonmuscle variants. 
In contrast to the effects of PDGF-BB, 10% FBS, which 
stimulated a mitogenic response equal to or greater than 
that of PDGF-BB, increased, rather than decreased, 
smooth muscle a-tropomyosin expression and induced 
only very modest decreases in expression of smooth mus- 
cle MHCs. The failure of serum to effectively repress ex- 
pression of these smooth muscle differentiation markers 
did not appear to be due to some inhibitor present in FBS 
in that high concentrations of FBS failed to block the 
differentiation-suppressing effects of PDGF-BB. Never- 
theless, because serum contains a large number of unde- 
fined components that might complicate interpretation of 
these experiments, we sought to compare effects PDGF- 
BB with another purified growth factor that has similar 
efficacy in stimulating SMC mitogenesis. To this end, we 
have recently shown that thrombin, which induces a mito- 
genic response equivalent to that of PDGF-BB in our rat 



aortic SMCs (163), stimulated increased, not decreased, 
expression of both smooth muscle a-actin and smooth 
muscle MHC (279). 

Taken together, the preceding results indicate i) thai 
a drop in expression of a number of SMC differentiatio: 
marker proteins is clearly not obligatory for cell cycir 
entry in cultured vascular SMCs, 2) that the level of ex- 
pression of smooth muscle differentiation proteins is not 
necessarily a direct function of the proliferative activity 
of the ceD but rather appears to be dependent on the 
specific means of growth stimulation, and 3) that PDGF- 
BB is unique among the SMC mitogens tested thus far in 
its ability to selectively suppress the expression of multi- 
ple SMC differentiation markers. Our results, and those 
of Thyberg et al. (271), suggest that PDGF-BB may pLr 
an important role in control of SMC differentiation th*. 
may be distinct from its role as a SMC mitogen. 

Platelet-derived growth factor B chain-induced de- 
creases in SM actin protein and mRNA expression were 
not associated with decreased transcription of the smooth 
muscle a-actin gene, as measured using transcription run- 
on analyses (50). Rather, PDGF-BB induced a selective 
decrease in the stability of the smooth muscle a-actin 
mRNA without affecting the stability of the nonmuscle P- 
actin mRNA. Platelet-derived growth factor-induced d^ 
creases in smooth muscle a-tropomyosin and smoou- 
muscle MHC expression also appeared to be due at least 
in part to mRNA destabilization, based on observations 
that the rate of decline in these transcripts following 
PDGF treatment was more rapid than predicted based 
solely on cessation of transcription of these genes (116). 
Indeed, as yet, there is no published evidence showing 
regulation of the expression of any of the SMC differentia- 
tion marker genes in cultured SMCs at the transcription;; 1 
level, although granted, very few studies of this natm 
have been completed. At least some of the genes such at. 
smooth muscle a-actin, smooth muscle a-tropomyosin, 
and smooth muscle MHC appear to be constitutively on, 
at least in our cultured rat aortic SMCs, and subject to 
posttranscriptional regulatory controls (50, 116). 



B. Role of Cell-Cell Interactions 

1. Endothelicd-smooth muscle cell interactions 

As discussed previously in section rv, vasculogenesis 
is initiated by formation of capillaries consisting of a sin- 
gle layer of endothelial cells (186, 205). During arterializa- 
tion, presumptive SMCs are recruited from the mesen- 
chyme, surround the endothelium, and subsequently dif- 
ferentiate into smooth muscle. It is thus reasonable to 
suggest that endothelial cells might play an important ro- r 
in the arterialization process. Indeed, cultured endotheh 
cells have been shown to secrete a variety of growth fac- 
tors for smooth muscle, including PDGF and bFGF (49, 
78 104 127, 209), as well as growth inhibitors such as 
heparin* and TGF-/3 (31, 36, 228), which can either stimu- 
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late or inhibit growth of cultured SMCs depending on 
the experimental conditions (4, 192, 257). Many of these 
endothelial-derived factors also have chemotactic activity 
for SMCs and may play a role in recruitment and migration 
of SMCs or SMC precursors from primitive mesenchyme 
during vasculogenesis (49, 104, 127). 

Endothelial cells may also play a role in control of 
SMC differentiation. Campbell and Campbell (31) re- 
ported that endothelial cell conditioned medium, or cocul- 
ture of primary cultures of SMCs with confluent but not 
subconfiuent endothelial cells, inhibited growth and pre- 
vented or delayed at least some of the phenotypic changes 
that occur in SMCs when placed in culture. Addition of 
heparin to the culture media had similar effects, raising 
the possibility that effects may be mediated by heparin 
or heparin-like compounds. Both cultured endothelial 
cells and SMCs are known to secret a heparin-like mole- 
cule that inhibits SMC growth (36, 75), with that isolated 
from postconfiuent cells being much more potent than 
that from subconfiuent cells in inhibiting SMC growth. 
Heparin has also been shown to inhibit myointimal prolif- 
eration of SMCs in vivo following vascular ir\jury (42, 43), 
although it did not prevent injury-induced decreases in 
smooth muscle a-actin expression. Heparin has been re- 
ported to increase smooth muscle q-actin expression in 
cultured SMCs, but only under conditions in which it had 
an antiproliferative effect (59). These results suggest that 
the effects of heparin on SMC differentiation may simply 
be secondary to growth inhibition rather than a direct 
effect on SMC differentiation per se. 

In contrast to these findings, other investigators have 
reported that endothelial cell conditioned media stimu- 
lated rather than inhibited SMC growth (236). Consistent 
with these observations, we recently demonstrated that 
conditioned media from rat aortic endothelial cells stimu- 
lated rather than inhibited SMC growth (280). Moreover, 
we found that endothelial cell conditioned media nearly 
completely suppressed expression of smooth muscle a- 
actin, smooth muscle MHCs, and smooth muscle a-tropo- 
myosin at both the protein and mRNA levels. Effects of 
endothelial conditioned media were highly selective in 
that no effects on expression of the nonsmooth muscle 
variants of these proteins were observed. This activity 
was not inhibitable with neutralizing antibodies to PDGF 
or bFGF, was heat and protease sensitive, bound with 
weak affinity to heparin Sepharose (elution at 0.3-0.4 M 
NaCl), and had an estimated molecular size of 45 kDa 
based on gel filtration chromatography. Treatment of 
SMCs with the known endothelial cell factors bFGF, endo- 
thelin, TGF-/?, vascular endothelial growth factor, or 
PDGF A chain did not mimic the effects of endothelial 
conditioned media, suggesting that these factors are not 
responsible for the SMC differentiation-suppressing activ- 
ity. Taken together, results indicate that rat aortic endo- 
thelial cells in culture secrete an as yet unidentified mito- 
gen that is a potent suppressor of SMC differentiation. 

There is thus evidence that endothelial cells can se- 
crete both positive and negative differentiation factors for 
wLCs. However, relatively little is known regarding what 



regulates the balance between these opposing activities. 
It has been shown that endothelial cells in culture produce 
much higher levels of growth factors than do their in vivo 
counterparts (10). As such, the predominance of myo- 
genic and differentiation-suppressing activity in our endo- 
thelial cell cultures may well reflect, the properties of en- 
dothelial cells that are relatively poorly differentiated. Key 
questions to be addressed include the following: Which 
endothelial cells-derived factors regulate the differentia- 
tion of vascular SMCs? What regulates endothelial cell 
production of both positive and negative SMC differentia- 
tion factors? Do SMCs influence the differentiated state 
of endothelial cells? 



2, Neuronal influences 

Interruption of neuronal input has been shown to 
result in decreased growth and loss of contractility in 
various smooth muscle tissues (16), thus implicating a 
role for the nervous system in regulation of growth and 
differentiation of SMCs. Chamley and co-workers (38, 40) 
reported that the presence of extrinsic sympathetic neu- 
rons delayed phenotypic modulation and growth in pri- 
mary cultures of pig vas deferens and rabbit aorta and 
ear artery. Conditioned media from nerve cells did not 
have similar effects, suggesting that the factors produced 
are labile or that physical proximity is important for the 
observed effect. These studies involved morphological as- 
sessment of the differentiated state of SMCs on the basis 
of the relative abundance of actin filaments, and no fur- 
ther studies have been reported in this important area 
using more definitive indexes to assess the differentiated 
state of the SMCs. 

There is also evidence that the SMCs play a role in 
development of neuronal innervation. Ablation of 
smooth muscle targets has been shown to inhibit in- 
nervation of that tissue, and both cultured SMCs as well 
as SMCs in vivo have been shown to produce nerve 
growth factor (274). 



C. Role of Hemodynamic and/or Mechanical Factors 

There is considerable circumstantial evidence that 
mechanical factors or hemodynamic forces such as shear 
stress and tangential wall stress may play an important 
role in development of the vascular system (83, 120, 254). 
Girard (83) found that incorporation of SMCs into devel- 
oping avian arteries coincided with establishment of 
blood flow and an increase in luminal hydrostatic pres- 
sure. Hu and Clark (120) characterized the hemodynamic 
forces in stage 12 through stage 29 chicken embryos and 
found that systolic blood pressure increased from 0.32 
Torr at stage 12 to 2.0 Torr at stage 29 in the chick embryo, 
during which time there are marked increases in expres- 
sion of many SMC differentiation marker proteins (Fig. 1). 
In adult animals, cessation of blood flow and a decrease in 
hydrostatic pressure are associated with vessel atrophy 
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and/or remodeling. For example, Langille (145) demon- 
strated that experimentally induced decreases in blood 
flow to the carotid arteiy altered developmental growth 
in immature animals and caused extensive vessel remod- 
eling in mature animals through an endothelial cell-depen- 
dent process. There is extensive evidence that mechanical 
stress/strain plays an important role in the regulation of 
growth and maturation of skeletal muscle (for reviews, 
see Refs. 246, 277). Mechanical stretching of cultured 
SMCs has a variety of effects including inducing reorienta- 
tion of cells (56, 130), increased protein and DNA synthe- 
sis ('288), and increased production of extracellular matrix 
components (153). Of particular interest, Kanda et al. 
(130) found that cyclic stretching of bovine aortic SMCs 
within a three-dimensional matrix of type 1 collagen-in- 
duced reorientation of cells parallel to the direction of 
stretch and increased the relative abundance of myofila- 
ments and dense bodies as compared with nonstretched 
cultures. In contrast, Dartsch et al. (56) found that cyclic 
stretching of SMC monolayer cultures resulted in reorien- 
tation of cells nearly perpendicular to the direction of 
stretch. Whereas results of these studies suggest that me- 
chanical factors play a role in vascular growth and devel- 
opment, the precise stimuli that are important for these 
effects and the signal transduction pathways involved are 
not known. Moreover, no studies to my knowledge have 
directly investigated the effects of mechanical stimuli on 
SMC differentiation based on quantitative assessment of 
expression of smooth muscle differentiation marker pro- 
teins. However, we have demonstrated that contractile 
agonists such as angiotensin II and arginine vasopressin 
induce selective increases in the expression of smooth 
muscle a-actin and smooth muscle MHC in cultured SMCs 
(273). Because these agonists also stimulate increased 
MLC phosphorylation and shape changes consistent with 
cell contraction (168; Owens and Geisterfer, unpublished 
data), it is possible that the effects observed are second- 
ary to active stress development. 



nin have been shown to promote formation of tubule 
structures resembling capillaries in cultured endothelial 
cells (95). No information is available on whether SMCs 
associate with endothelium under tube-forming cone 
tions or whether differentiation of SMCs is promoted m-. : 
der these conditions. 

Cultured SMCs produce a variety of extracellular ma- 
trix components including various collagens, elastins, 
laminin, fibronectin, and glycosaminoglycans (33). Smooth 
muscle cells also express integrins that serve as binding 
sites to the extracellular matrix. Growth of cultured SMCs 
on various extracellular matrices such as collagen, Matri- 
gel (a basement membrane-rich matrix material isolated 
from EHS tumor cells), laminin, and fibronectin (46, 8' 
111, 203) has been shown to evoke changes in SMC mo; 
phology consistent with a change in the differentiated 
phenotype of the cell. However, relatively few studies, as 
yet, have examined the effects on expression of specific 
SMC differentiation marker genes. Hedin et al. (Ill) found 
that growth of cultured SMCs on fibronectin resulted in 
decreased expression of smooth muscle a-actin. We 
(Thompson and Owens, unpublished data), as did Pauly 
et al. (203), found that SMCs grown on Matrigel exhibited 
a much more spindlelike morphology and a greater de 
sity of actin filaments than did SMCs grown on standani 
tissue-culture plastic. However, we found no changes in 
the expression of smooth muscle a-actin or smooth mus- 
cle MHC under these conditions. We do not feel that these 
results can be interpreted as evidence that these factors 
are not important in control of SMC differentiation. 
Rather, we believe the results reflect limitations of the 
in vitro culture system and/or the specific experimental 
conditions and matrices examined. Clearly, further stud- 
ies are needed in this important area. 

VIII. MOLECULAR REGULATION OF SMOOTH MUSCLE 
CELL DIFFERENTIATION 



D. Role of Extracellular Matrix 

The extracellular matrix has profound effects on cell 
behavior, including cell migration, proliferation, and dif- 
ferentiation, and undoubtedly plays a key role in vasculo- 
genesis (see Refs. 210 and 33 for reviews). To date, much 
of the characterization of the role of the extracellular 
matrix in vasculogenesis has been carried out in studies 
examining early tubular heart development Drake and 
Jacobson (61) observed that the area encompassed by 
the primitive heart extracellular matrix coincided directly 
with the boundary of endocardial vasculogenesis. Viragh 
et al. (281) suggested that the ventral mesocardium and its 
associated extracellular matrix are important in providing 
directional cues to the primordial endothelial cells that 
form the endothelial tubes of the heart. Work from many 
laboratories has shown the presence of various extracellu- 
lar matrix components in vasculogenic regions (33, 155). 
Three-dimensional matrices containing collagen and lami- 



A Transcriptional Control of Smooth Muscle 
Cell Differentiation 

As discussed in sections n-iv, a key to understandn... 
SMC differentiation is to identify factors that regulate the 
coordinate expression of the family of genes that result 
in the distinct phenotype of the vascular SMC. It is well 
established that expression of skeletal, cardiac, and non- 
muscle contractile protein genes is transcriptionally regu- 
lated with respect to both developmental^ timed and tis- 
sue-specific expression (reviewed in Refs. 189, 285). Fur- 
thermore, a number of "master control genes" that 
regulate skeletal muscle differentiation or lineage deter- 
mination, including MyoD, have been identified. The.v. 
factors have been shown to activate the expression of 
genes characteristic of mature skeletal, muscle cells by 
functioning as transcription factors that bind to a specific 
DNA-binding motif, referred to as an E box, that is found 
in the 5'-flanking regions of a number of skeletal muscle- 
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specific genes including skeletal a-actin, MLC, MHC, tro- 
ponin, and tropomyosin. Whereas it is likely that the mo- 
lecular mechanisms involved in SMC differentiation rely 
on analogous transcriptional regulatory systems, no SMC- 
specific regulatory/transcription factors have as yet been 
identified. 

Relatively little is known regarding the molecular 
mechanisms that control transcription of any of the SMC 
differentiation-specific genes. Furthermore, at this time, 
there are a limited number of candidate genes that have 
been identified that are appropriate for studying transcrip- 
tional control of SMC differentiation. Whereas expression 
of the smooth muscle isoforms of MLC, caldesmon, vin- 
culin, and metavinculin are selective for SMCs and clearly 
show developmental regulation, they are produced by al- 
ternative splicing of genes that are expressed in many cell 
types (29, 106, 121, 167, 185, 252, 264, 287). Thus these 
genes are not likely to be suitable models to study SMC- 
specific transcriptional regulatory systems, although they 
do proxide valuable systems for studying tissue-specific 
gene splicing. The smooth muscle MHC gene shows per- 
haps the highest degree of SMC selectivity of any of the 
SMC differentiation genes identified thus far (1, 73, 74, 
87, 144. 164, 216). However, sequence information on its 
promoter has not yet been reported. Furthermore, charac- 
terization of the regulation of this promoter may prove 
difficult due to the fact that expression of this gene is lost 
relatively quickly in some SMC cultures, although we have 
found that it persists even at high passages in our primary 
rat aortic SMC lines (116). Calponin (i.e., the a- or 0~ 
isoforms for avian species or h r or 1-isoforms for mam- 
mals) is another potential candidate gene. However, like 
smooth muscle MHC, no studies have been reported ex- 
amining its transcriptional regulation. 

The most extensively studied smooth muscle gene is 
smooth muscle a-actin. Smooth muscle a-actin is the most 
abundant protein in differentiated SMCs, is required for 
the high force-developing capabilities of the vascular SMCs, 
and although transiently expressed in cardiac and skeletal 
muscle during development and in myofibroblasts during 
wound healing and in tumors, is exclusively expressed in 
SMCs and SMC-related cells in the normal adult animal 
(see sect. iuAi). Additionally, the expression of smooth 
muscle a-actin is modulated in SMCs within atherosclerotic 
lesions and may provide an important index for assessing 
changes in the phenotypic state of SMCs that are important 
in the atherogenic process (139, 141, 170). 

Schwartz and co-workers (34, 35) characterized sev- 
eral sequences in the 5 r -flanking DNA of the chicken 
smooth muscle a-actin gene that regulate expression of 
a linked structural CAT gene when transfected into em- 
bryonic chick "fibroblasts" of undefined origin. They de- 
scribed a 122-bp "core" promoter that was capable of 
directing constitutive CAT expression in embryonic 
chick fibroblasts as well as in skeletal myotubes. Immedi- 
ately upstream from the core promoter was a 29-bp ele- 
ment (-151 to -123), designated a CGAAT-associated 
itv* ° r "^AR," which restricted core promoter activ- 
and was in turn modulated by a 107-bp "governor" 



sequence (-151 to -257) which was sufficient to sup- 
press the core promoter in skeletal myotubes. Whereas 
these studies provided important information regarding 
control of smooth muscle a-actin gene expression in 
non-SMCs, they did not examine control mechanisms in 
SMCs. Results of our recent studies done in collaboration 
with R. Schwartz using chicken smooth muscle a-actin 
promoter/CAT constructs demonstrated that a quite dif- 
ferent mode of regulation occurred in SMCs and in non- 
muscle cells derived from adult tissues (18). The core 
promoter described by Carroll et al. (35) had no activity 
in nonmuscle cells and low activity in cultured rat aortic 
SMCs. In addition, the 29-bp region upstream of this core 
promoter, that acted as a potent negative control element 
in embryonic fibroblasts and skeletal myoblasts/myo- 
tubes, acted as a positive element in smooth muscle, as 
did further upstream regions between -151 and -257. 
Thus regulation of expression of the smooth muscle a- 
actin gene, like other actin genes, appears to be ex- 
tremely complex and shows quite distinct patterns of 
regulation in different cell types. 

Further evidence for cell type-specific regulation of 
the smooth muscle a -actin gene has been shown in more 
recent studies of this gene in both our laboratory (243) 
and others (71, 256). Studies of the mouse smooth muscle 
a-actin promoter transfected into mouse AKR-2B fibro- 
blasts and subconfiuent mouse BC 3 H1 skeletal myoblasts 
demonstrated that the region between -224 and -192 
abolished expression of the first 191 bp of the promoter 
in both cell types (71, 165). However, site-directed muta- 
genesis showed that the negative-acting cis-element 
within the -224 to -192 region that abolished activity in 
BC 3 H1 cells was different from the negative element in 
fibroblasts. 

We have recently completed studies characterizing 
cis- and £?-<ms-acting sequences that confer cell type-spe- 
cific expression of the rat smooth muscle a-actin gene 
promoter (243) that was originally cloned in this labora- 
tory (18). These studies involved mapping control ele- 
ments of the gene by transient transfection of various 
deletion and site-directed mutants of the smooth muscle 
a-actin promoter coupled to a CAT reporter gene into 
SMCs as well as non-SMCs including rat aortic endothelial 
cells and L6 skeletal myoblasts and myotubes. Smooth 
muscle cells and skeletal myotubes express the endoge- 
nous smooth muscle a-actin gene, whereas endothelial 
cells and skeletal myoblasts do not Results provided clear 
evidence of cell type-specific regulation of the smooth 
muscle a-actin gene promoter. For example, whereas a 
truncated promoter consisting of the first 125 bp of the 
promoter had high activity in SMCs and endothelial cells, 
this construct had little or no activity in skeletal myoblasts 
or myotubes. In contrast, promoter constructs containing 
547 bp (-1 to -547) or more of the promoter were not 
expressed in endothelial cells or myoblasts but were ex- 
pressed at high levels in SMCs and skeletal myotubes, cell 
types that express high levels of the endogenous smooth 
muscle a-actin gene. In skeletal muscle, but not in smooth 
muscle, high transcriptional activity of the promoter was 
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dependent on Inclusion of a region i from l -125 to -270 

" ^S^TZZt"^ pro- 

ine nrsi ^ v elements, which have the 

E^d bSeen the four species in which the smoott 
muscle a-actin promoter has been cloned, suggesting that 
^sf elements may have an important regulatory role. 
?hP V flS regions of both the skeletal and cardiac 
I^SS^Sin conserved CARG box elements tt* 
havXen shown to direct devdopm^^dt™^ 
cific expression of these genes, and CARG elemente have 
also been implicated in the regulation of the MLG, muse e 
cfeatoe kk£e, and dystrophin genes in skeleta muscle 
(^wedTnRef. 227). The CARG motif was ^U^ei 
as the core component of the serum response element, a 
e^ment that is required for the transient transenp- 
Sonal resoonse of may nonmuscle-specific early-response 
Ses such a c%s a^d /3-nonmuscle actin, upon serum 
o n roS factor stimulation (114). Although pre^us 
studies have shown that the smooth muscle a-actm CARG 
elemente can function in serum-inducible expression of 
the inlibroblasts (71, 137), neither the endogenous 
sn ooTmuscL-ac^ gene nor transfected smoo^nu,- 
cle a-actin promoter-CAT reporter gene constructs are 
ferun\ uiducible in SMCs, even though the nonmuscle £ 
Session is serum stimulated under the same con- 

^ ( den— d ftat mutation of the ^ 
C\RG boxes [i.e., CC(AT) 6 GG] located at -62 (CARG A) 
orat -112 (CARG B completely abolished the activity 
of a 125-bp promoter construct in transient trar^fection 
assays m SMCs but not in endothelial cells, indicating tiiat 

hinriine factors was serum response factor (SRF) or an 
SR^SL protein, since SRF antibodies retarded the migra- 
tion of the ^MC complex, and cross-linking experiment 
demonstrated binding of a 67-kDa protein (the molecular 
mass of SRF) to the CARG element. Whereas SRF is cer 
S not a SMC-specific transcription factor, studies of 
S$G and SRF-mediated transcriptional control m other 
peters have shown that specificity - ■ "j^g^ 
.inmont rnnferred by a combination ol ditterenceb 

DS SRF-binding Pgg™^ ^S*f 5 *e 

sory proteins or bA^sj tnai re 0 ui<tLc t - 6 

SRF in a cell type- and I P™J°^f* tRF^essory' 
I'M 224 227). As such, SMC-specific SRF accessory pru 
ets or' reflation of such proteins, may play a key role 
Sc ^specific regulation of this g^torg 
it is of interest that tissue-specific expression of the skeie 
^ a-acto promoter has been shown to involve competi- 
Se intentions of SRF, and the multifunctional txansenp- 
tionafSator YY1, with a CARG-containing muscle regu- 



latory element contained within the skeletal a-actin 

Pr0 Ts« 6) the preceding result, indicate that i) 
transcriptional expression of smooth muscle a-actm re- 

re'Xte tS gene^d S) negative-acting m-elements act 
SScttta^scription in non-SMCs that do not normaUy 
™Stmooth n4cle a-actin. Results also clearly estab- 
ShSS Sty of the smooth muscle a-actm promoter as 
? powerJuTtool with which to identify transcription factors 
important in control of SMC differentiation. 

P Sts of the preceding studies have also established 
that constats containing 547 bp (or more) of the regio. 
JtoSooth muscle a-actin transcription stirt si, 
conferred tissue-specific expression in cultured cells On- 
gom^Sdies are m progress to determine whether these 
nZ^oter constructs also confer cell type-specific expies- 
KSta^If so, these DNA regulatory sequencer may 
have utility for constructing vectors for 
therapies to the vasculature and for doing SMC-specific 

g ^r=eS,r P romoter S of 

Sfce« Skey question as to how SMCs coordinately 
fotol Se ex^ssion of the family _aj i genes tiiat are 

c^ntol SnTs exist in SMCs, they presumably are ^ 
restrictive in thenumber of target genes thatthey affect as 
compared with the MyoD family. Note that the alternative 
SS is that transcription of the entire family of 
Snes necessary for differentiated function in SMCs is 
Sated fnSndently. Whereas this possibility cannot. 
2ffi#K«- highly unlike* .given the extremely 
complex nature of contractile funcjo «^<£™ £ 
dpnendence on a large number of proteins bem„ ^ 
SLsed at *e right time and at the appropriate levels^ A 
S t seems hTghly likely that differentiation ^ i 
SMCs will involve at least some m ^ ter ^ er ^S 
control genes " However, as yet, none has been identified, 
a^rmuc 8 rmore work is needed in this important area. 



B. Posttranscriptiomd Ccmtrol of Smooth Muscle 
Cell Differentiation 
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and smooth muscle variants of caldesmon, MLCs, vin- 
culin, metavinculin, and tropomyosin are generated by 
alternative splicing of a single gene. As such, an under- 
standing of the mechanisms that control this splicing are 
likely to be extremely important in understanding molecu- 
lar regulation of SMC differentiation/maturation. How- 
ever, these control processes are not well understood, 
and to my knowledge, there are few groups working in 
this very important area. 

There is also evidence that regulation of mRNA turn- 
over may play an important role in control of SMC differ- 
entiation. For example, work in our laboratory has shown 
that the marked decrease in smooth muscle a-actin ex- 
pression following acute treatment of cultured rat aortic 
SMCs with PDGF-BB was not due to diminished transcrip- 
tion but rather to transcriptional-dependent destabiliza- 
tion of smooth muscle a-actin mRNA (50, 51). Little is 
known concerning sequence elements that may contrib- 
ute to posttranscriptional regulation of actin mRNAs. 
However, there are a number of examples in which mRNA 
abundance is regulated exclusively by control of mRNA 
stability rather than by alterations in transcriptional rates 
(101, 207), and several structural determinants that regu- 
late mRNA stability have been identified (128, 244). Regu- 
lation of transferrin receptor mRNA abundance is tightly 
coupled to the availability of iron. This regulation is de- 
pendent on the presence of a stem-loop structure in the 
3 '-untranslated region of the mRNA (294). In the presence 
of iron, the stem-loop structure forms and the mRNA is 
destabilized, resulting in a decrease in transferrin recep- 
tors in the presence of high concentrations of iron. We 
identified several energetically favorable stem-loop struc- 
tures in the 3'-untranslated region of the smooth muscle 
or-actin mRNA (50). This raises the possibility that forma- 
tion or disruption of this stem loop may be important to 
PDGF-induced accelerated smooth muscle a-actin mRNA 
decay. However, identification of the mRNA elements 
which confer PDGF-induced destabilization of smooth 
muscle a-actin mRNA will require further studies using 
site-directed mutagenesis. 

C. Additional Strategies for Identifying Smooth 
Muscle Cell Differentiation Control Genes 

An alternative strategy (other than direct studies of 
gene expression) that has been employed in an attempt 
to isolate differentiation control genes for vascular SMCs 
has been to look for genes that are homologous to known 
differentiation control genes found in other cell types. 
Despite extensive efforts in our laboratory and others, no 
MyoD or MyoD-related family members have been found 
in SMCs on the basis of screening of Northern blots as 
w ell as SMC cDNA libraries. The only exception is that 
SMCs, like many cell types, have been found to express 

MyoD inhibitor Id (136). The function of Id in SMCs 
|s unknown. However, there is no evidence at present 
implicating a role for it in control of SMC differentiation. 

A number of genes are expressed in vascular SMCs 



that contain regions that are highly homologous to homeo- 
box genes that were first identified in genetic studies in 
Drosoph iia and shown to be important in control of devel- 
opment of body form (for a review, see Ref. 162). Homeo- 
box genes code for proteins that bind to specific nucleo- 
tide sequences in DNA and either activate or inhibit the 
corresponding genes (147). Homeobox proteins are re- 
lated to one another primarily in the sequence of the 60- 
amino acid residue DNA binding site portion of the pro- 
tein, the homeodomain. 

Three homeodomain-containing genes have been 
shown to be expressed in vascular SMCs including MHox 
(20, 52). Hox 1.11 (201), and Gax (94). MHox was initially 
cloned by Olson and co-workers (52) on the basis of its 
binding to an A+T-rich region adjacent to a MEF-2 site 
within the skeletal muscle creatine phosphokinase en- 
hancer core. It is expressed in a variety of mesodermally 
derived cells in the developing embryo including skeletal, 
cardiac, and smooth muscle, as well as by nonniuscle 
cells. Hox 1.11 was cloned by Walsh and co-workers (201) 
from a SMC cDNA library using a degenerate oligonucleo- 
tide to the highly conserved 60-amino acid homeodomain 
region that is highly conserved within this gene family. 
During development, it is expressed in a variety of differ- 
ent tissues including in the neural tube, in the myelen- 
cephalon, in the brachial arches, and in the vessels leading 
to the heart. In the adult, however, it was found in the 
aorta and lung, but not in cardiac muscle, skeletal muscle, 
intestinal smooth muscle, or brain. This same group (201) 
also identified a second homeobox gene designated Gax, 
whose expression is largely confined to the cardiovascular 
tissues of the adult (94). It shows rapid downregulation 
during GJG { transition in cultured vascular SMCs. Given 
the known role of many homeobox genes as transcription 
factors that are important in development (146), it is inter- 
esting to speculate that MHox, Hox 1.11, or Gax may play 
an important role in control of SMC differentiation. At 
present, however, the function of these genes in smooth 
muscle is not known, and there is no direct evidence that 
they are involved in control of either SMC differentiation 
or in transcriptional regulation in SMCs. 

An additional approach that has been employed to 
identify SMC differentiation control genes has been to 
develop inducible SMC lineage systems analogous to the 
10T1/2 cell system used by Weintraub and co-workers (57, 
267) to identify MyoD. Using differential cDNA screening 
techniques, these workers identified genes (cDNAs) that 
were present in differentiated myotubes derived from 
10T1/2 cells treated with the DNA-hypomethylating agent 
5-azacytidine, but absent from the multipotential 10T1/2 
fibroblasts. We have recently described a system in which 
multipotential P19 embryonal carcinoma cells are induced 
to form a smooth muscle lineage by treatment with reti- 
noic acid (20). Clonal lines derived from retinoic acid- 
treated P19 cells were shown to express smooth muscle 
a-actin and smooth muscle MHC, as well as respon- 
siveness to a number of contractile agonists including 
angiotensin II, norepinephrine, and endothelin. In con- 
trast, multipotential parental P19 cells lacked these prop- 
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erties. This system should have utility in attempting to 
identify SMC differentiation/lineage control genes. How- 
ever, it is important to emphasize that the value of the 
P19 system is unlikely to be in the retinoic acid-derived 
SMC lines themselves, which are likely to have many of 
the same properties as primary SMC culture lines with 
respect to expression of differentiated properties. Rather, 
the key value of the system is the demonstration that 
multipotential P19 cells can be stimulated to undergo de- 
termination/differentiation to a SMC lineage upon retinoic 
acid treatment This implies 1) that a cDNA encoding a 
regulatory protein for SMC differentiation/determination 
might be isolated by subtractive cloning techniques using 
this cell system and 2) that any proteins identified (by 
this system or any other means) could be forcibly overex- 
pressed in P19 cells to test their ability in inducing SMC 
determination/differentiation, much as overexpression of 
MyoD in 10T1/2 cells was shown to convert them to the 
skeletal muscle lineage (57). A limitation of this cell sys- 
tem is that unlike the azacytidine-10Tl/2 system used by 
Davis et al. (57), cells at an intermediate, committed, but 
undifferentiated state, were not identified. Rather, the reti- 
noic acid-derived SMC lines showed spontaneous differ- 
entiation, at least with respect to expression of smooth 
muscle a-actin and smooth muscle MHC and contractile 
agonist responsiveness. 

IX. ALTERATIONS IN THE SMOOTH MUSCLE CELL'S 
DIFFERENTIATED STATE IN VASCULAR DISEASE 

There is unequivocal evidence demonstrating that 
SMCs within human atherosclerotic lesions and myointi- 
mal lesions of experimental animals following vascular 
ir\jury show an altered differentiated phenotype as com- 
pared with normal medial SMCs (89, 139, 141, 170). This 
process is characterized by extensive alterations in the 
morphological appearance of the cells, including a reduc- 
tion in myofilaments, and an increase in synthetic cellular 
organelles such as Golgi and rough endoplasmic reticu- 
lum. In addition, intimal SMCs show reduced levels of a 
variety of proteins characteristic of differentiated SMCs 
including smooth muscle a-actin, smooth muscle MHC, 
caldesmon, vinculin, and desmin (85, 89, 139, 141, 170, 
293). On the basis of studies in vascular injury models 
in animals, the changes in myointimal SMCs are at least 
partially reversible in that expression of smooth muscle 
contractile proteins increases in SMCs within chronic le- 
sions (43, 139). Thus the changes may be a requisite part 
of the repair process, with early decreases reflecting a 
shift to a less differentiated state with an increased growth 
capacity (43), and later ^differentiation of the cells and 
return of contractile capabilities. 

A key question is what controls the changes in the 
differentiated phenotype of the SMCs within intimal le- 
sions? Results of studies in cultured SMCs showing that 
growth and differentiation are not necessarily mutually 
exclusive suggest that phenotypic modulation of intimal 
SMCs cannot be attributed solely to increased growth. 



Consistent with this, there is a very poor correlation be- 
tween proliferation rates in intimal SMCs and their modi- 
fied differentiated phenotype in that studies in both hu- 
mans and experimental animal models have shown thai 
alterations in the differentiated properties of intimal SMCs 
persist even in cases where proliferation rates have re- 
turned to normal values (43, 92, 187). A likely possibility 
is that the altered phenotype of lesion SMCs is at least in 
part a consequence of changes in the cellular environment 
that occur within the intima versus the media, including 
well-demonstrated changes in the extracellular matrix, 
growth factor expression, and lipid composition (see Refs. 
30, 93 for reviews). 

A related question is, Are the changes in the SMC 
differentiated state within intimal lesions the cause or the 
consequence of the disease process? Although additional 
studies are needed, it seems likely that both are correct; 
that is, the SMC is likely to change its phenotype in re- 
sponse to altered environmental cues that initiate the dis- 
ease process. This could include many of the known ath- 
erogenic risk factors such as lipid peroxidation products, 
cellular toxins resulting from cigarette smoke, and endo- 
thelial injury or dysfunction that are as yet poorly under- 
stood (for reviews, see Refs. 30, 93, 213, 214). The altered 
SMC in turn exhibits characteristics that are likely to exac- 
erbate lesion development For example, there is an abun- 
dance of evidence showing altered lipid metabolism, 
growth factor production, and extracellular matrix produc- 
tion in intimal versus medial SMCs both in vivo as well 
as in cultured SMCs derived from these two sources (see 
reviews in Refs. 30, 213, 214). As such, the failure to appro- 
priately regulate the differentiated phenotype of the vascu- 
lar SMCs is likely a major contributing factor to lesion 
development and progression. A key question is, What are 
the critical signals that are necessary for maintenance of 
the differentiated phenotype of the SMC? As is evident at 
this late point in this review, these are not well defined, 
and much remains to be done in this important area 

An additional critical question is, What is the origin of 
the SMC that gives rise to the intimal lesion? Does it involve 
modification of medial SMCs that were fully differentiated, 
or is there a subpopulation of relatively undifferentiated 
SMCs that preexists in the normal blood vessel? It should 
be noted that the demonstration of the monoclonality of 
many human atherosclerotic lesions in studies by Benditt 
and Benditt (13) is not incompatible with either of these 
possibilities, since their data addressed whether lesion 
SMCs were derived from single versus multiple foci and in 
no way addressed the differentiated properties of the SMCs 
of origin. While the issue of whether relatively undifferenti- 
ated SMCs may exist within the normal media and give 
rise to lesion cells is not totally resolved, there is an abun- 
dance of morphological and immunocytological evidence 
that indicates that there is not a distinct subpopulation oi 
SMCs in the media of normal adult human arteries that 
could be categorized as an undifferentiated SMC stem cell 
(1, 73). Moreover, studies by Clowes and Schwartz (45) in 
a rat carotid artery injury model have demonstrated that 
up to 40-50% of medial SMCs proliferate following iiyuiy 
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of the rat carotid artery. These results indicate that a large 
fraction of medial SMCs is capable of contributing to inti- 
mal lesion formation, which is clearly incompatible with 
the hypothesis that intimal SMCs must be derived from a 
rare and relatively undifferentiated SMC stem cell popula- 
tion, at least in this animal model. As noted previously 
in section v, there is clear evidence for heterogeneity in 
expression of SMC differentiation markers during vascular 
development (9, 73, 84, 197), as well as in atherosclerotic 
animal models (226, 293). For example, Zanellato et al. 
(293) found evidence for altered expression of MHC iso- 
forms in medial SMCs of cholesterol-fed rabbits. Whereas 
medial SMCs in control rabbits stained exclusively with 
antibodies specific for SM-1 MHC and SM-2 MHC, asubpop- 
ulation of medial SMCs in the innermost layers of the aorta 
was observed in cholesterol-fed rabbits that showed loss 
of staining, with a SM-2 MHC antibody but stained with a 
nonmuscle MHC antibody. Similarly, heterogeneity in vi- 
mentin and desmin expression within intimal SMCs has 
been reported following balloon iryury of the rat aorta (76). 

To summarize, most evidence suggests that intimal 
SMCs are derived from fully differentiated SMCs that un- 
dergo changes in their differentiated state in response to 
ir\jury or atherogenic stimuli, rather than selective recruit- 
ment from a preexisting undifferentiated SMCs stem cell 
population. Changes are potentially reversible and are re- 
flective of the extreme plasticity of the SMCs differenti- 
ated state. 

In contrast to the profound changes in the differenti- 
ated phenotype of SMCs that occur in association with 
human or experimental atherosclerosis and vessel ir\jury, 
hypertensive vascular disease, at least in the early stages 
of mild to moderate hypertension, is not associated with 
major alterations in the differentiated state of the vascular 
SMCs (see Ref. 191 for a review). Extensive ultrastruc- 
tural studies have shown that the morphological appear- 
ance of medial arterial SMCs is not significantly different 
between hypertensives and controls. Consistent with 
these observations, we (194) and others (see Ref. 60 for 
a review) have shown that whereas there are quantitative 
increases in contractile proteins in hypertensive SMCs, 
there are not major qualitative changes, i.e., there is a 
proportionate increase in the contractile proteins relative 
to total cell protein. There are reports in the literature 
indicating that changes in SMC contractility occur in a 
variety of hypertensive models, although some of the pur- 
ported changes may not represent a true change in con- 
tractility, but rather may have been due to alterations in 
vessel mass, geometry, and/or length-tension relation- 
ships (110, 171). In any event, they represent very subtle 
changes in the differentiated state of the SMCs as com- 
pared with changes that occur in atherogenesis. 

It has been suggested that the increased growth in 
hypertensive vessels may represent an adaptive mecha- 
n f m t0 normalize increases in wall stress as a result of 
elevations in blood pressure (172, 191); that is, from a 
teieological standpoint, one could argue that it would be 
advantageous for the organism to increase the contractile 
m ass of the vessel commensurate with increased load 



but without the at least temporary loss of contractile pro- 
teins and function characteristic of SMCs undergoing re- 
parative growth. However, there is no conclusive evidence 
in this regard, and the failure to see significant alterations 
in contractile protein expression in hypertensive models 
may reflect the greatly diminished rate of SMC growth in 
hypertension as compared with that typically associated 
with injury models (194). 

These differences in the pattern of changes in con- 
tractile protein expression in hypertension as compared 
with atherogenesis may also be attributed to the nature 
of the SMC growth responses. Accelerated growth of 
SMCs in human or experimental models of atherosclerosis 
is due primarily to intimal migration and proliferation of 
SMCs, whereas medial hypertrophy in large vessels of 
animals with chronic hypertension is due almost exclu- 
sively to enlargement of preexisting SMCs or cellular hy- 
pertrophy (reviewed in Ref. 191). Alternatively, differ- 
ences may reflect influences of factors associated with 
the mzyor site of the increased growth, i.e., the intima 
versus the media Acute onset models of hypertension in 
which blood pressure rises to very high levels within sev- 
eral days are associated with evidence of endothelial cell 
ir\jury that is not seen in slowly developing chronic models 
of hypertension (195, 202). In these models, there is sig- 
nificant intimal migration and proliferation of SMCs and 
evidence of phenotypic modulation similar to that which 
occurs with endothelial denudation models of vascular 
ir\jury (202). Thus the nature of the changes in SMC differ- 
entiation that occur with hypertension, as well as the na- 
ture of the SMC growth response, varies depending on 
the particular model of hypertension studied. 

X. SUMMARY AND FUTURE DIRECTIONS 

In this review I have attempted to summarize our 
current knowledge of the regulation of differentiation of 
the vascular SMC. Studies have established that vascular 
SMCs express a unique repertoire of contractile proteins, 
ion channels, and signaling molecules that are required for 
their principle differentiated function in mature animals, 
which is contraction. However, the mature differentiated 
SMC also retains remarkable plasticity, such that it can 
undergo relatively rapid and reversible changes in its phe- 
notype in response to a variety of different stimuli. Consis- 
tent with this property, differentiation/maturation of the 
vascular SMCs appears to be more highly dependent on 
environmental cues than in cells such as skeletal muscle 
which undergo terminal differentiation and which exhibit 
a much more restrictive differentiated phenotype. Much 
remains to be learned, particularly with regard to under- 
standing the molecular mechanisms that control the dif- 
ferentiation program in vascular SMCs, as well as to iden- 
tify the key environmental cues that are critical for induc- 
ing SMC differentiation/maturation. Additional studies are 
needed in many areas including the following: i) identifi- 
cation of additional SMC differentiation markers, particu- 
larly those whose developmental regulation is at the tran- 
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scriptional level; 2) further investigation of the temporal 
patterns of expression of SMC differentiation markers 
that occur during vasculogenesis; and 3) identification of 
the molecular mechanisms that control expression of 
SMC differentiation genes and in particular mechanisms 
responsible for controlling the coordinate regulation of 
these genes. Considerable progress has been made in 
identifying many of the changes that occur in the differen- 
tiated state of the SMCs with vascular injury and vascular 
disease. Indeed, in so much that many cultured SMC stud- 
ies may have been done in cells that retained few differen- 
tiated functions of the SMCs, in many respects we may 
know more about the pathological phenotype of the SMCs 
than we do about its normal state. Progress has also been 
made in identifying SMC culture systems in which cells 
continue to express many of the known SMC differentia- 
tion markers. These SMC cultures will provide very valu- 
able systems with which to identify potential regulatory 
pathways and molecules involved in control of SMC differ- 
entiation. However, cultured SMCs are clearly modified 
as compared with their in vivo counterparts, and as such, 
use of transgenic and gene knockout strategies are likely 
to play a key role in efforts to understand SMCs differenti- 
ation/maturation in vivo. An understanding of the cellular 
and molecular mechanisms that control SMC differentia- 
tion will be critical to understanding not only normal vas- 
cular development, but also a diverse range of major dis- 
eases in humans that are characterized by alterations in 
growth and differentiation of the SMCs, including athero- 
sclerosis, hypertension, and cancer that account for over 
75% of all deaths. 



NOTE ADDED IN PROOF 

Katoh et al. (Katoh, Y., E. Loukianov, E. Kopras, A. Zilber- 
man, and M. Periasamy. Identification of functional promotor 
elements in the rabbit smooth muscle myosin heavy chain gene. 
J. Biol Cliem. 269: 30538-30545, 1994) recently reported the 
sequence and partial characterization of the rabbit SM MHC 
promoter. 

This work was supported by National Heart, Lung, and 
Blood Institute Grants R01-HI^38854 and P01-HL-19242. 
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Lamb, Fred S., and Thomas J. Barna. Chloride ion 
currents contribute functionally to norepinephrine-induced 
vascular contraction. Am. J. Physiol. 275 {Heart Circ. Physiol 
44): H151-H160, 1998.— Norepinephrine (NE) increases Cl" 
efflux from vascular smooth muscle (VSM) cells. An increase 
in Cl~ conductance produces membrane depolarization. We 
hypothesized that if CI" currents are important for agonist- 
induced depolarization, then interfering with cellular CI" 
handling should alter contractility. Isometric contraction of 
rat aortic rings was studied in a bicarbonate buffer. Substitu- 
tion of extracellular CI - with 130 mM methanesulfonate (MS; 
8 mM Cl~) did not cause contraction. NE- and serotonin- 
induced contractions were potentiated in this low-Cl" buffer, 
whereas responses to K + , BAY K 8644, or NE in the absence of 
Ca 2+ were unaltered. Substitution of Cl~ with I~ or Br~ 
suppressed responses to NE. Inhibition of CI" transport with 
bumetanide (10~ 5 M) or bicarbonate-free conditions (10 mM 
HEPES) inhibited NE- but not KCl-induced contraction. The 
Cl"-channel blockers DIDS (10~ 3 M), anthracene-9-carboxylic 
acid (10 -3 M), and niflumic acid (10" 5 M) all inhibited 
NE -induced contraction, whereas tamoxifen (10~ 5 M) did not. 
Finally, disruption of sarcoplasmic reticular function with 
cyclopiazonic acid (10 -7 M) or ryanodine (10~ 5 M) prevented 
the increase in the peak response to NE produced by low-Cl" 
buffer. We conclude that a CI" current with a permeability 
sequence of I" > Br~ > CI" > MS is critical to agonist-induced 
contraction of VSM. 

chloride channels; vascular smooth muscle; sodium-potas- 
sium-chloride cotransport; chloride/bicarbonate exchange; sar- 
coplasmic reticulum 



UNDER MOST CIRCUMSTANCES vascular smooth muscle 
(VSM) tone and contractility are tightly coupled to 
membrane potential (V m ) (29). This relationship is 
maintained by the dependence of contraction on the 
influx of Ca 2+ through voltage-dependent, primarily 
L-type Ca 2+ channels. Numerous studies have at- 
tempted to define the role of various K + conductances 
(delayed rectifier, Ca 2+ activated, ATP dependent) in 
the control of resting agonist-induced depolariza- 
tion, and vasodilatation (4,. 11, 18, 40). Conversely, 
although CI" channels are present in VSM (23, 27) and 
are activated by agonists (24, 32), there is minimal 
functional evidence defining the contribution of these 
events to contractile responses. 

The manner in which VSM cells handle Cl~ sets up 
an ideal system for producing and maintaining depolar- 
ization. VSM cells accumulate CI" intracellularly 
through several processes (9, 13, 14), including Na + -K + - 
2C1" cotransport, Cl"/HCOj exchange, and a third 
component, possibly an ATP-dependent transporter 
(16). Whereas resting V m in VSM ranges from approxi- 
mately -45 to -65 mV, estimates of the CI" equilib- 
rium potential [E C \ = -60 log (extracellular CI" concen- 



tration/intracellular Cl~ concentration)], measured 
using either radiolabeled CI" flux (25, 38) or ion- 
selective microelectrodes (16), range between -11 and 
-50 mV. In any given vascular tissue, 2£ a has always 
been measured to be roughly 15—30 mV more positive 
than V m . Depolarization of the precise magnitude in- 
duced by vasoconstrictors can therefore be readily 
produced by an increase in CI" conductance. 

Estimates of relative permeabilities at rest for Cl~ 
and K + have varied widely from 0.09 in rat femoral 
artery (10) to 0.82 in rat portal vein (38); however, this 
ratio may change dramatically after exposure to a 
contractile agonist. Adrenergic stimulation has fre- 
quently been shown to increase total membrane conduc- 
tance [rabbit carotid artery (28) and pulmonary artery 
(7), guinea pig mesenteric artery (3) and pulmonary 
artery (5)] consistent with the activation of a Cl~ 
current (decrease in membrane resistance). Occasion- 
ally, total membrane conductance has been found to 
decrease [guinea pig ear artery (22), pulmonary artery 
(35)]. These contrasting results may be due to func- 
tional differences between tissues. Alternatively, the 
interpretation of these results may be complicated by 
the syncytial nature of VSM. Changes in membrane 
resistance may be obscured or magnified by changes in 
the electrical coupling between cells. 

Radiolabeled ion flux data are less dependent on 
cell-cell coupling. Norepinephrine (NE) dramatically 
increases the efflux of both 42 K + and 36 C1~ from rabbit 
pulmonary artery (7, 34). The computed increase in 
permeability for CI" exceeds that for K + (21). Because 
depolarization moves V m closer to E^ (diminishing the 
driving force for CI" movement), it is difficult to explain 
an increase in Cl~ efflux unless there is a significant 
increase in CI" conductance. Conversely, the observed 
increase in K + efflux is difficult to reconcile with a 
mechanism of depolarization that is driven primarily 
by the alternative proposed mechanism, a decrease in 
K + conductance. 

Agonist-induced CI" currents have now been charac- 
terized in a number of vascular tissues. NE activates a 
CI" current in cells from portal vein (6, 32), mesenteric 
vein (36), and ear artery (2). Endothelin elicits a similar 
current in coronary, aortic, and mesenteric VSM cells 
(24, 37), as does vasopressin in cultured aortic cells (17, 
37). These Cl~ currents are Ca 2+ dependent (7ci,ca) (27, 
31) and appear to be activated initially by agonist- 
induced release of intracellular Ca 2+ stores. The extent 
to which Ca 2+ entry from extracellular sources can 
sustain activation of these channels is unknown. At the 
single-channel level they appear to have a low conduc- 
tance of 1-2 pS (23). Another CI" channel that has been 
characterized in VSM at the single-channel level is a 
large conductance channel (340 pS) that is activated by 
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protein kinase C inhibitors (and is therefore likely 
inhibited by protein kinase C-dependent phosphoryla- 
tion) in cell-attached patches (33)TVSM also contains a 
typical volume-activated CI" current (30). 

Despite the abundance of evidence documenting the 
existence of agonist-induced CI" currents, the degree to 
which the resulting depolarization contributes to con- 
traction is not known. We have employed a strategy 
involving 1) alteration of 2) inhibition of Cl~ 
transport, and 3) block of CI" channels to obtain 
conclusive functional evidence that CI" currents are 
critical to agonist-induced activation of vascular smooth 
muscle. 

METHODS 

Adult male Sprague-Dawley rats (250-300 g) were ob- 
tained from Harlan Sprague Dawley. The animals were killed 
by exposure to 100% C0 2 for 5 min, followed by cervical 
dislocation. Thoracic aortas were removed, cleaned of adher- 
ent connective tissue, and cut into 6-mm rings. The endothe- 
lium was left intact, and the rings were mounted in individual 
10-ml isolated organ chambers (Radnoti Glass) using stain- 
less steel triangles and were connected to an isometric force 
transducer (Kent Scientific) by 32-gauge stainless steel wire. 
Contractile responses were recorded with an eight-channel 
MacLab 8E and stored on a Power Macintosh 7200 computer. 
Passive stretch was set at 2.5 g, and the rings were allowed to 
equilibrate in physiological salt solution (PSS) at 37°C for 120 
min before the start of experimentation. PSS was aerated 
with a mixture of 95% 0 2 -5% C0 2 ; the composition was as 
follows (in mM): 130 NaCl, 4.7 KC1, 1.18 KH 2 P0 4 , 1.17 
MgS0 4 -7H 2 0, 14.9 NaHC0 3 , 1.6 CaCl 2 H 2 0, 5.5 dextrose, 
and 0.03 CaNa 2 -EDTA 0.03 (pH 7.30). The standard low-Cl" 
buffer was prepared by substituting NaCl with 130 mM 
NaOH and titrating the pH of the buffer to 7.30 with 
methanesulfonic acid while the solution was being aerated. 
The measured osmolality of the low-Cl" buffer was 292 
mosmol/kg compared with 293 mosmol/kg for the control 
buffer (5500 vapor pressure osmometer). For the concentra- 
tion-response curve to extracellular Cl~ (Fig. 4), the various 
CI" concentrations were achieved by mixing standard PSS 
with low -CI ~ buffer in fixed ratios. Low-Cl" buffers substi- 
tuted with Br~ or I~ were made by replacing 130 mM NaCl 
completely with NaBr or Nal. HEPES buffer was made by 
substituting 10 mM HEPES for bicarbonate and titrating the 
pH of the solution to 7.30 using 1 M NaOH. When both 
HEPES and bicarbonate were used, pH was once again 7.30. 

In all experiments in which extracellular Cl~ was altered 
suddenly, the low-Cl" buffer was prewarmed and preaerated 
in a 37°C constant temperature bath before the solution was 
poured directly into the drained organ chamber. This was 
done to avoid depletion of intracellular Cl~ before exposure to 
the contractile agent. Control responses for these experi- 
ments were also recorded after the agonist-containing control 
buffer was poured into the bath. 

At the beginning of each experiment a contractile response 
to 120 mM KC1 was recorded. Subsequent contractile re- 
sponses are normalized by expression as a percentage of this 
initial maximal response to KC1. All agonist-induced contrac- 
tions were recorded for 20 min. When KC1 was used to induce 
contraction, it was added directly to the buffer from a 1 M 
stock without adjusting for changes in tonicity. When K + was 
used as an agonist in low-Cl" conditions, it was added from a 
1 M stock of K-methanesulfonate. This stock was prepared by 
titrating the pH of 1 M KOH to 7.3 with methanesulfonic acid. 



Ca 2+ -free PSS was prepared by omission of CaCl 2 without the 
use of an additional chelating agent. The bath was washed 
three times in this buffer over an —5 min period before 
addition of the agonist. 

There are two readily recognized phases to VSM contrac- 
tion. The initial contractile response has been attributed to 
direct activation of the contractile proteins by Ca 2+ released 
from the sarcoplasmic reticulum (SR). Our hypothesis main- 
tains that a second, important function of this Ca 2+ pool is to 
activate a depolarizing CI" current. This depolarization re- 
sults in the influx of extracellular Ca 2+ , which is responsible 
for the second, or maintained, phase of contraction. Tb make a 
functional assessment of both phases of contraction, the 
contractions are measured at both an early and a late time 
point. Lower concentrations of agonist [~20% effective dose 
(ED20)] generally produce a clear early peak of contraction 
(~3 min) that exceeds the tension measured once contraction 
has stabilized. These data (see Figs. 1, 2, 4, 5, and 10) are 
displayed as paired bars, peak contraction (highest tension 
recorded at <3 min), and tension at the 20-min time point. In 
experiments in which higher concentrations of agonist are 
used [—80% effective dose (EDgo)] to study inhibition of 
contraction (see Figs. 6-9), there is generally no early peak 
seen. Tension increases rapidly over the first 5 min and then 
more slowly until a stable level is achieved at —20 min. These 
data are displayed as tension at the 5- and 20-min time 
points. 

NE, serotonin (5-HT), DIDS, and ryanodine were dissolved 
directly into aqueous solution. BAY K 8644 and bumetanide 
were prepared as stock solutions in ethanol, whereas ethacry- 
nic acid, tamoxifen, niflumic acid, anthracene-9-carboxyhc 
acid (A-9-C), and cyclopiazonic acid (CPA) were prepared as 
stock solutions in DMSO. The drugs were added to the buffer 
at no greater than a 1,000:1 dilution, yielding a final solvent 
concentration of 0.1%. No individual ring was used for more 
than a single pharmacological intervention (drug or combina- 
tion of drugs) to avoid potential effects of incomplete washout. 
All drugs and salts for the preparation of PSS were obtained 
from Sigma Chemical with the exception of BAY K 8644 
(Calbiochem). 

Data are displayed as means ± SE, and n represents the 
number of rats in each group. Statistical analysis of group 
differences was performed using Student's £-test. A value of 
P < 0.05 was considered to be statistically significant. 

RESULTS 

Contractile responses to NE and 5-HT but not to KC1 
are potentiated in low-Cl" buffer. The concentrations of 
these contractile agents were titrated in each indi- 
vidual ring to achieve a control response that was 
-20% of the response to 120 mM KC1. Figure 1A shows 
the effect of low-Cl~ buffer on the peak and maintained 
phases of contraction in response to these agents. The 
potentiating effect of low-Cl~ is more dramatic at the 
3-min time point but remains significant after 20 min. 
The force recording shown in Fig. LB demonstrates the 
typical pattern of phasic contractions that occur during 
the initial phase of contraction in low-Cl~ buffer. Mean 
concentrations used were 2 X 10" 8 M for NE (n = 9), 
1.6 X 10" 6 M for 5-HT (n = 6), and 18 mM for K + 
(71 = 5). Although both NE and 5-HT elicit SR Ca 2+ 
release and can activate 7ci ( c a > K + cannot. All of these 
experiments (including control responses) were per- 
formed by exposing the rings to NE and to the altered 
extracellular Cl~ concentration at the same moment by 
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mM CI" buffer with ~ED 20 NE and allowed to reach a 
stable, maintained level of tension (20 min). The buffer 
was then rapidly exchanged in an identical manner to 
that used before and was replaced with buffer contain- 
ing the same concentration of NE and either 138 or 8 
mM Cl~ [substituted with methanesulfonate (MS)]. 
The results are shown in Fig. 2. The contractile re- 
sponse is again dramatically potentiated by low-Cl" 
buffer, and this effect diminishes over 5-10 min ; how- 
ever, tension remains significantly greater than that of 
the control 20 min later. These results suggest that Cl~ 
channels remain open during the sustained phase of 
contraction and that intracellular CI" is rapidly de- 
pleted in low-Cl" buffer. 

BAY K 8644 (5 X 10" 5 M, n = 5), a direct Ca 2+ - 
channel activator that causes Ca 2+ influx, produced a 
transient contractile response in normal Ca 2+ buffer. 
This response was unaltered by low-Cl" buffer (Pig. 3). 
The activity of BAY K 8644 is voltage dependent, and 
one might expect a larger response if low-Cl" buffer 
produced a significant depolarization. However, BAY K 
8644 does not cause release of SR Ca 2+ and may not 
produce sufficient elevation of intracellular Ca 2+ to 
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Fig. 1. Contractile responses to norepinephrine (NE) and serotonin 
but not to K + are potentiated by low-Cl" buffer. A: both peak (3 min, 
open bars) and maintained (20 min, solid bars) contractile responses 
to NE and serotonin are significantly larger than control in low-Cl ~ 
buffer while responses to K + are unaltered. *P < 0.05. B: typical 
response of an aortic ring to NE in control (138 mM) and low-Cl" (8 
mM) buffer. The change in Cl~ concentration and addition of agonist 
are accomplished simultaneously by pouring on prewarmed and 
preaerated buffer containing the drug at the desired concentration. A 
follow-up control response demonstrates that the effect of low-Cl" 
buffer is completely reversible. 

rapidly draining the vessel chamber and replacing the 
buffer with prewarmed, premixed low-Cl" buffer. Low- 
Cl" buffer does not cause any contractile response by 
itself (data not shown). 

The results from Pig. 1 suggest that CI" current 
contributes more to agonist-induced activation of VSM 
during the initial phase of contraction. Alternatively, 
the potentiating effect of low-Cl" buffer may diminish 
with time as intracellular CI" falls and cannot be 
readily replenished. Tb distinguish between these two 
possibilities, rings were first contracted in normal 138 
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Fig. 2. Low-Cl" buffer also potentiates NE-induced contraction 
during maintained phase of contraction. A: there is no significant 
change in tension when bath is drained after 20 min of contraction 
and replenished with fresh buffer with the same concentration of NE 
(control). If extracellular CI" is lowered when buffer is changed [8 
mM CI" substituted with methanesulfonate (MS)], the contractile 
response is potentiated (low CI"). Open bars, first initial peak 
response to NE; shaded bars, first maintained response to NE; solid 
bars, second initial peak response to NE (fresh buffer); hatched bars, 
second maintained response to NE (fresh buffer). *P < 0.05 compared 
with same time point during control protocol. B: typical recording of a 
single ring showing both control (left) and low-Cl ~ (right) responses. 
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Fig. 3. BAY K 8644 in normal Ca 2+ buffer and NE (10" 8 M) in 
nominally Ca 2+ -free buffer both produce transient contractile re- 
sponses (open bars). When these responses are repeated in low -CI ~ 
buffer (hatched bars), there is no change in sizes of responses. 



activate Ia,c&- NE (10~ 8 M, n = 6) in the absence of 
extracellular Ca 2+ produced a similar transient contrac- 
tile response due to the release of intracellular Ca 2+ 
stores. Again, this contraction was not effected by 
low-Cl~ conditions (Fig. 3). Even if a CI" current was 
activated by NE, in the absence of extracellular Ca 2+ no 
Ca 2+ influx can result from depolarization regardless of 
the magnitude. 

The potentiating effect of low-Cl" buffer on NE- 
induced contractions is dependent on the degree to 
which the extracellular CI" concentration is lowered. 
Figure 4 represents a concentration-response curve to 
lowering extracellular Cl~ (from 138 to 8 mM) using the 
same dose of NE at all CI" concentrations (n = 4). The 
peak of contraction is significantly potentiated in 41 
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Pig. 4. Effect of lowering extracellular CI" is concentration depen- 
dent. Peak responses (open bars) are significantly augmented when 
extracellular Cl~ is lowered to 41 or 8 mM. Maintained responses (20 
min, solid bars) are larger only when Cl~ concentration is lowered to 
8 mM. *P < 0.05 compared with response in normal, 138 mM CI". 



and in 8 mM CI", whereas the maintained response is 
enhanced only in 8 mM Cl~. 

Substitution of CI" with MS should make Eqi more 
positive due to its very low permeability (no inward MS 
current). Substitution with an anion having a signifi- 
cant ability to permeate the VSM anion channels would 
allow inward movement down their concentration gra- 
dients (infinitely large at the instant of substitution). 
This movement will contribute to V m and would be 
predicted to produce hyperpolarization. Figure 5 com- 
pares the effect on the peak contractile response to NE 
when MS (n - 5), Br" (n - 5), or I" (n = 5) are used to 
replace CI". Once again in these tissues, CI" substitu- 
tion with MS resulted in a significant potentiation of 
the peak NE-induced contraction. However, Br" and I" 
significantly suppressed the contractile response to 
NE, with I" producing a more profound effect than Br~. 

Inhibitors of CI" transport suppress contractile re- 
sponses to NE (Fig. 6). Rings were first contracted with 
a dose of NE titrated to produce an ~ED 80 response 
(mean NE dose 4.9 X 10" 8 M). After the control 
response was obtained, the rings were incubated for 20 
min in either PSS alone (time control, n = 4), bu- 
metanide (10~ 5 M, n = 5), 10 mM HEPES (0 mM HCOJ, 
n = 5), ethacrynic acid (10" 5 M, n = 5), bumetanide + 
HEPES (n = 4), ethacrynic acid + HEPES (n = 5), 
bumetanide + ethacrynic acid (n = 6), or bumetanide + 
HEPES 4- ethacrynic acid (n = 6). Time alone had no 
effect on the magnitude of the response to NE, because 
the second response to NE was unchanged from control. 
Both bumetanide and HEPES buffer significantly sup- 
pressed NE-induced contraction, whereas ethacrynic 
acid produced very mild inhibition at the 5-min time 
point only. Bumetanide and HEPES together produced 
a greater inhibitory effect than either agent alone, and 
this combination produced as much inhibition of contrac- 
tion as all three agents together. 

Figure 7 demonstrates that it is the absence of 
bicarbonate, not the presence of HEPES, that sup- 
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Fig. 5. Size of peak response to NE is dependent on the anion used to 
substitute for CI". Substitution with MS for Cl~ results in potentia- 
tion of contraction. Substitution with Br" or I~ causes suppression of 
initial peak response. *P < 0.05 compared with Cl~. 
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Fig. 6. NE-induced contractions are inhibited by CI" transport inhibitors. Control responses to NE were obtained 
that were -80% of response to 120 mM KC1 (EDso; pairs of bars at left for each labeled intervention). In contrast to 
responses at -20% of response to 120 mM KC1 (ED 2 o), responses of this magnitude fail to show a consistent initial 
peak tension, and therefore force is displayed as the highest tension in the first 5 min, generally as tension at the 
5-min time point (open bars), and as tension at the 20-min time point (solid bars). Control contractions were of 
similar magnitude in all groups. Repeat responses were obtained following a 20-min incubation in physiological salt 
solution only (Time, n = 4), 10" B M bumetanide (Bum, n = 5), 10 mM HEPES buffer without bicarbonate (HEPES, n 
= 5), 10" 5 M ethacrynic acid (Eth, n = 5), or a combination of interventions [Bum + HEPES (Bum/Hep), n= 4; Eth + 
HEPES (Eth/Hep), n = 5; Bum + Eth (Bum/Eth), n = 6; or all 3 together (Bu/He/Et, n = 6).] These responses are 
displayed as pairs of bars at right for each labeled intervention. There is no effect of Time alone. Eth mildly inhibits 
contraction at 5-min time point. Bum and HEPES significantly suppress contractions to NE. Bum/Hep appears to 
be more potent than either agent alone. *P< 0.05 compared with control response. 



presses NE-induced contractions. When both HEPES 
and bicarbonate are included as buffers (n = 4), NE- 
induced contractions are unaltered. Tb control for non- 
specific effects of bumetanide or HEPES, experiments 
similar to those in Fig. 6 were carried out using K + as 
the contractile agent (Fig. 8). K + -induced contractions 
were obtained that were similar in size to those achieved 
with NE (~ED 80 ); the mean concentration of K + re- 
quired was 38 mM. Neither bumetanide (n = 5) nor 
HEPES buffer (n = 5) had any significant inhibitory 
effect on K + -induced contractions. 

Cl"-channel blockers inhibit contractile responses to 
NE (Fig. 9). Four different compounds with the previ- 
ously documented ability to inhibit anion currents were 
assayed for their ability to inhibit contractile responses 
to NE or K + . The design of these experiments was 
identical to that of the experiments in Fig. 6. After a 
control —EDgo response to the agonist and subsequent 
washout, 10-min incubations in either DIDS (10~ 3 M; 



120 t 




HEPES/Bicarbonate 

Fig. 7. Effect of HEPES buffer on NE-induced contractions is due to 
absence of bicarbonate, not to presence of HEPES. When both 10 mM 
HEPES and the usual 14.9 mM bicarbonate were included in buffer 
{right), control contractile responses to NE {left) were not altered. 
Open bars, 5 min; solid bars = 20 min 



re - 5 for NE, n ~ 6 for KC1), A-9-C (10" 3 M; n = 5 for 
NE, n = 6 for KC1), niflumic acid (10" 4 M; n = 5 for NE, 
re = 4 for KC1), or tamoxifen (10 -5 M; re = 6 for NE, re = 5 
for KC1) were performed before reexposure to the 
agonist, DIDS, A-9-C, and niflumic acid all markedly 
inhibited NE-induced contractions. Of these three com- 
pounds, only DIDS was without effect on KCl-induced 
contraction. Tamoxifen had no significant effect on 
contractile responses to either vasoconstrictor. 

We wanted to further test the hypothesis that the 
effect of altering 2J C1 on NE-induced contraction was 
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Bumetanide HEPES 



Fig. 8. KCl-induced contractions are not altered by low-Cl" condi- 
tions. Each bar represents tension measured at 20-min time point. 
Only a single time point was recorded because responses to this dose 
of KC1 never show an initial peak. Open bars represent control 
contractions, and hatched bars represent tension obtained in re- 
sponse to same dose of KC1 after 20 min of exposure to either 10 " 5 M 
bumetanide (n = 5) or 10 mM HEPES buffer (n = 5). Neither had any 
effect on contractions induced by KC1. 
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Fig. 9. CI "-channel blockers inhibit NE-induced contractions. Control responses to NE or KCI were obtained that 
were -80% of response to 120 mM KCI (bar or pair of bars at left for each labeled intervention). For NE responses, 
open bars represent highest tension recorded in first 5 min and solid bars represent tension at 20 min. Only tension 
at 20 min is recorded for KCl-induced contractions. After a 10-min incubation in DIDS (10~ 3 M), anthracene-9- 
carboxylic acid (A-9-C; 10" 3 M), niflumic acid (10~ 4 M), or tamoxifen (10 -5 M), repeat responses were obtained (bar 
or pair of bars at right for each labeled intervention). DIDS, A-9-C, and niflumic acid all inhibited responses to NE, 
whereas A-9-C and niflumic acid also inhibited KCl-induced contractions. *P < 0.05 compared with control 
response. 



dependent on the release of intracellular Ca 2+ . We 
therefore used either CPA (10" 7 M, n = 5) to inhibit 
uptake of Ca 2+ into the SR or ryanodine (10 -5 M, n = 5) 
to prevent the release of SR Ca 2+ (Fig. 10). It was not 
possible to employ a combination of these two agents 
because this combination of drugs consistently resulted 
in large contractions. After an initial control ~ED 2 o 
response to NE was obtained, rings were continuously 
exposed to CPA or ryanodine for the remainder of the 
experiment. Two subsequent control responses to the 
same dose of NE were elicited to establish a meaningful 
control response in the presence of the drugs. The effect 
of ryanodine on the control responses was apparent in 
that the larger initial peak response to NE was lost and 
contractions were slower and larger at the 20-min time 
point. Both CPA and ryanodine diminished the size of 
control responses to NE. A final response to NE was 
then obtained in 8 mM CI" buffer (MS substituted) 
containing CPA or ryanodine. This response to NE 
tended to be larger than the second control response 
obtained in the presence of the drugs; however, the 
increase in the peak response to NE seen in low-Cl~ 
buffer was no longer statistically significant (CPA 2nd 
control = 13.4 ± 2.4, CPA/low CI" = 29.2 ± 9.4, P = 
0.11; ryanodine 2nd control = 7.2 ± 2.2, ryanodine/low 
CI" = 19.6 ± 8.1,P = 0.08). One can assess the effect of 
these drugs on the potentiation due to low CI" by 
comparing potentiation as a percentage of the 120 mM 
KCI response. For example, if the control peak is 21% of 
the KCI response and the peak in low Cl~ is 57% of the 
KCI response, then there is an increase of 36%. Under 
control conditions the peak response to NE is increased 
in low Cl~ by 35.6 ± 4.7% of the response to 120 mM 
KCI (Fig. 1, n = 9). In CPA, low CI" increases the peak 
response by 7.6 ± 6.4% compared with the initial 
drug-free control response and by 15.8 ± 8.6% com- 
pared with the second response (n = 5). Similarly, for 
ryanodine the increase compared with the drug-free 
control is 0.8 ± 7.9% and that compared with the 
second drug-treated control is 12.4 ± 5.9% (n = 5). All of 



these percent increases are statistically smaller in the 
presence of the drugs (impaired t-test). In contrast to 
their suppression of the peak response, these drugs 
appear to augment the ability of low CI - to potentiate 
the maintained phase of contraction. 

DISCUSSION 

We have used a variety of approaches to gather data 
in support of the concept that NE-induced VSM contrac- 
tion is dependent on activation of a CI" current. CI" 
currents appear to contribute to the maintenance of 
tension not only during the initial phase of the re- 
sponse, when /c^ca has been shown to be activated by 
the release of SR Ca 2 +, but also during the maintained 
phase of contraction. We have shown that NE-induced 
contraction is potentiated in low-Cl" buffer (MS substi- 
tuted) regardless of when extracellular CI" is lowered 
during the contractile response. In contrast, responses 
to KCI, BAY K 8644, and NE in the absence of extracel- 
lular Ca 2+ are not affected by altering extracellular CI". 
These other stimuli lack either the ability to release 
Ca 2+ stores and thereby activate CI" current (KCI, BAY 
K 8644) or the ability for the depolarization produced 
by that current to facilitate inward Ca 2+ flux (NE in 0 
Ca 2+ ). The potentiating effect of low Cl~ on NE-induced 
contraction is concentration and anion dependent. Un- 
like MS substitution, I~ or Br" substitution causes 
suppression of the peak response to NE. These data 
suggest that I" and Br" pass through the channels that 
are activated by NE more readily than does Cl~. This 
implied relative conductivity sequence (I" > Br~ > 
CI" > MS) is consistent with that recorded for spontane- 
ous inward CI" currents characterized in rat portal 
vein (39). Drugs that interfere with either Cl~ trans- 
port (bumetanide, HEPES) or CI '-channel function 
(DIDS) inhibit contractile responses to NE but not to 
KCI. Although the endothelium was left intact in these 
experiments, the effect of these agents is not due to 
stimulation of endothelial nitric oxide release (26). 
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Fig. 10. Effect of cyclopiazonic acid (CPA; 10~ 7 M) (A) or ryanodine 
(Ryan; 10" 5 M) {B ) on NE -induced contractions. Data represent peak 
(open bars) or 3-min (#1) and 20-min (#2) time points (solid bars). 
First, a control response was obtained that was ~20% of response to 
120 mM KC1. Rings were then incubated for 20 min in CPA or 
ryanodine, and these drugs remained in the bath for the rest of the 
experiment (including during washout between responses). Two 
subsequent contractile responses were recorded in presence of drugs 
to obtain an assessment of the effect of these compounds on NE- 
induced contractions in normal Cl~ buffer. Subsequent responses 
were diminished in size, and ryanodine clearly altered time course of 
contraction by suppressing initial peak response. The final response 
was obtained in low- CI" (8 mM) buffer. *P < 0.05 compared with 
second control response in presence of drugs. 

Finally, the CI" current responsible for this depolariza- 
tion is at least partially dependent on agonist-induced 
release of SR Ca 2+ stores, because CPA and ryanodine 
alter the potentiating effect of low-Cl~ buffer. These 
findings are summarized in Fig. 11. 

Smooth Muscle Cell _ 




Membrane 
Depolarization 



We propose that the mechanism of the potentiating 
effect of low-Cl~ buffer is related to the associated 
change in Ea* MS is a very impermeable inert anion 
that has been used previously without discernible 
biological effects aside from those related to the altered 
CI" concentration (27, 42). We changed CI" concentra- 
tions abruptly and either simultaneously with or 20 
min after exposure to the contractile agent. In both 
instances, the degree of potentiation decreased with 
time but remained significant even after 20 min. Previ- 
ous studies have in fact suggested that intracellular 
CI" begins to fall measurably within 1-2 min following 
reduction of extracellular Cl~ to 15 mM (15). In evaluat- 
ing the dose-response to CI" (Fig. 4), it is important to 
note that although the changes in extracellular CI" 
were made on a linear scale, the effect of these changes 
on E C \ is logarithmic. For this reason, changes in 
extracellular CI" will have a more profound effect on 
Eqi at lower Cl~ concentrations. For example, with the 
assumption of an intracellular CI" of 44 mM, as has 
been measured in the rat femoral artery (14), changing 
extracellular CI" from 139 to 106 mM will change Ea 
from -30 to -23 mV (7 mV), whereas dropping extracel- 
lular CI" from 41 to 8 mM changes Ea from +2 to +44 
mV (42 mV). This explains why there is little effect of 
lowering extracellular CI" until relatively low concen- 
trations are reached. 

While it is impossible for serum Cl~ ever to fall low 
enough for alterations in Ea to effect vascular reactiv- 
ity in vivo, large changes in Ea may be achieved by 
even modest elevations in intracellular CI", and these 
changes may have physiological significance. Davis et 
al. (14) have shown that mineralocorticoid-induced 
(DOCA-salt) hypertension in the rat is associated with 
a significant rise in intracellular CI" in femoral artery 
VSM (34 vs. 52 mM in bicarbonate-free buffer). This 
difference can be attributed to an increase in the 
activity of the Na + -K + -2C1" cotransporter. If one as- 
sumes a serum CI" concentration of 100 mM, this 
change in intracellular CI" concentration translates to 
a shift in Ea from -29 to -18 mV. This will produce 
more depolarization when CI" conductance dominates 
V m , as it may when a contractile agonist binds. This 
phenomenon may explain at least a portion of the shift 
in sensitivity to a variety of agonists that is seen in 
DOCA-salt hypertension. 

Producing a depolarizing anion current requires CI" 
to be accumulated intracellularly by transport against 
its electrochemical gradient. Interfering with this accu- 
mulation leaves Cl~ passively distributed, and hence, 
no depolarizing CI" current can flow regardless of how 



Fig. 11. Model smooth muscle cell outlining pro- 

^ — posed mechanism by which Cl~ currents produce 
Ifemetanide vascular smooth muscle depolarization. Important 
a K structures are labeled with the pharmacological tool 

affecting their function. See text for detailed discus- 
sion. 
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many channels are open. VSM accumulates CI" via 
Na + -K + -2C1" cotransport and CI-/HCO3 exchange (13). 
Bumetanide specifically inhibits Na + -K + -2C1" cotrans- 
port (8), whereas the absence of bicarbonate ion inter- 
feres with C1"/HCC>3 exchange (13). In guinea pig 
femoral artery this interference occurs without altering 
intracellular pH due to a large contribution of Na + /H + 
exchange to pH regulation (1). Although we have not 
measured intracellular pH in our tissues, HEPES 
buffering had no effect on KCl-induced contraction, 
suggesting that the contractile capability of the rings 
remained intact. The lack of effect of HEPES on NE-' 
induced contraction in the presence of bicarbonate 
suggests that, indeed, its effects can be attributed to the 
absence of bicarbonate. The ability of bumetanide and 
HEPES to inhibit NE-induced contraction suggests 
that both of these transporters play a vital role in 
maintaining the ability of VSM to respond to vasocon- 
strictors. Ethacrynic acid had only a tiny effect on 
contractile responses to NE. This may be related to 
compensatory activity of the other two transport mecha- 
nisms or may indicate that this third transporter is not 
important in aortic tissue. 

A number of compounds have been shown to block 
Cl~ channels; however, none have proven ideal for 
sorting out the contribution of Cl~ currents to cell 
activation. DIDS, A-9-C, and niflumic acid all potently 
inhibit spontaneous transient inward currents pro- 
duced by Id ea in rabbit portal vein (19, 20). They do this 
at lower concentrations (IC 50 : 2.1 X 10~ 4 M for DIDS, 
3 X 10" 4 M for A-9-C, and 2.3 X 10~ 6 M for niflumic acid 
at -50 mV) than those at which they inhibit agonist 
(NE, caffeine)-induced CI" current (IC 50 : 7.5 X 10" 4 M 
for DIDS, 6.5 X 10" 4 M for A-9-C, and 6.6 X 10" 6 M for 
niflumic acid). In addition, these compounds have no 
effect on spontaneous transient outward currents pro- 
duced by Ca 2+ -activated K + currents (Jicca), but they 
clearly augment agonist-induced K + currents. These 
data suggest that these compounds, in addition to 
blocking CI" currents, may also enhance release of Ca 2+ 
from the SR (19, 20). We have looked at the ability of 
each of these agents to inhibit contraction. The concen- 
tration of DIDS and A-9-C (10" 3 M) used to inhibit 
contraction is only slightly higher than the IC 50 for 
inhibition of agonist-induced current. However, we 
obtained inconsistent inhibition of NE-induced contrac- 
tion with 10~ 5 M niflumic acid. We therefore carried out 
our experiments at a concentration of 10 -4 M. This 
result is somewhat in contrast to data from Griddle et 
al. (12) showing that 10~ 5 M niflumic acid produced 
38% inhibition of a maximal response to NE (10~ 6 M) 
and 55% inhibition of rat aortic ring contractions 
produced by brief exposure (30 s) to this same dose of 
NE. It seems unlikely that any of these agents interfere 
with ot-adrenergic activation of the tissue because 
NE-induced 1^ is not blocked (19, 20). Of the agents 
used, DIDS appears to be both highly effective and 
specific for NE-induced contraction over KCl-induced 
contraction. The effectiveness of DIDS in these experi- 
ments may be enhanced by its ability to block not only 
CI" channels but also CI" transport (13). The mecha- 



nism by which A-9-C and niflumic acid inhibit KCl- 
induced contraction is not clear. We have shown previ- 
ously (27) that neither DIDS nor niflumic acid inhibit 
voltage-dependent Ca 2+ current directly. Tamoxifen, 
which has been shown to inhibit swelling-induced Cl~ 
currents nearly completely at 10~ 5 M (41), had no effect 
on the response to NE. On the basis of the lack of effect 
of this drug in our system, these channels do not appear 
to play a role in NE-induced VSM activation. 

If agonist-induced SR Ca 2+ release is the primary 
trigger for activation of Cl~ current, we hypothesized 
that compounds that interfere with SR function such as 
ryanodine and CPA should prevent the potentiation 
produced by low-Cl" buffer. Indeed, we saw a reduction 
in the potentiation of the initial peak of contraction. 
However, the increase in contraction at the 20-min time 
point was actually more dramatic in the presence of 
these drugs. The most likely explanation for this is 
that, in addition to altering the contractile response of 
the VSM, these compounds may also induce SR dysfunc- 
tion in the endothelium, resulting in reduced nitric 
oxide (NO') production in response to NE. This issue is 
explored further in our companion paper (26), which 
defines the important effect of endothelial NO' on the 
response to NE in low-Cl" buffer. Indeed, NO' appears 
to have more influence on agonist-induced Cl~ current 
during the maintained phase of contraction. 

Although it is well established that a low-conduc- 
tance J clfCa is activated by the release of intracellular 
Ca 2+ from the SR (23, 32, 37), it remains unclear over 
what period of time these channels are active. In the rat 
portal vein, the channels remain open as long as 
intracellular Ca 2+ is elevated in the range over which 
the channels are active (170-600 nM) (31). The lack of 
effect of low-Cl" buffer on KCl-induced contraction 
would suggest that these channels are not activated by 
Ca 2+ entering through voltage-gated channels. This is 
consistent with our previous patch-clamp results in the 
rabbit coronary artery (27), in which / C i, Ca was only 
activated by depolarizing pulses when SR function was 
intact and Ca 2+ -induced Ca 2+ release could occur. In 
the presence of caffeine, inward Ca 2+ currents failed to 
activate a significant amount of CI* current (27). This 
may represent an insufficient local Ca 2+ level or may 
reflect a clustering of Cl~ channels in the vicinity of 
the SR. 

In summary, these data demonstrate that Cl~ cur- 
rents contribute significantly to VSM activation. This 
represents the first systematic documentation of the 
critical functional importance of CI" current to agonist- 
induced VSM contraction. The essential features of our 
findings are summarized in Fig. 11. Inward transport of 
CI - via Na + -K + -2C1" cotransport (bumetanide sensi- 
tive) and Cl~/HCOg exchange (inhibited in HEPES 
buffer) produce an E C \ that is more positive than the V m . 
Activation of ot-receptors by NE causes the release of 
intracellular stores of SR Ca 2+ . This Ca 2+ activates a 
CI" current, producing Cl~ efflux, depolarization, and 
activation of voltage-dependent Ca 2+ channels. It is not 
clear whether these CI" channels can be activated by 
any other mechanism; however, our data suggest that 



CHLORIDE CURRENTS AND VASCULAR CONTRACTION 



H159 



the channels remain active long after the initial Ca 2+ 
transient (Fig. 2). One might speculate that the high 
local levels of Ca 2+ achieved by the release of the SR 
pool may be required to activate the current; however, 
lower levels may be adequate to maintain channel 
activity. Alternatively, a CI" conductance other than 
Jci,ca may be active during the sustained phase of 
contraction. These findings have important implica- 
tions for our understanding of how vasoconstriction is 
initiated and maintained. 
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Lamb, Fred S., and Thomas J. Barna. The endothelium 
modulates the contribution of chloride currents to norepineph- 
rine-induced vascular contraction. Am. J. Physiol 275 (Heart 
Circ. Physiol 44): H161-H168, 1998.— Activation of a Cl~ 
current is critical to agonist-induced activation of rat aortic 
smooth muscle contraction. Substituting extracellular CI" 
with 130 mM methanesulfonate (8 mM CI") increases the 
contractile response to norepmephrine (NE) but not to KCL 
We hypothesized that endothelial factors modulate this effect. 
Removing the endothelium (rubbing) or treatment with 
iV-nitro L-arginine (L-NNA) markedly increased the potentia- 
tion of NE-induced contraction by low-Cl" buffer. Indometha- 
cin had no effect. The previously demonstrated ability of 
Cl--channel blockers (DIDS, anthracene-9-carboxylic acid, 
niflumic acid) or CI" transport inhibitors (bumetanide, bicar- 
bonate-free buffer) to inhibit responses to NE was not altered 
by L-NNA. Low-Cl" buffer alone did not contract intact rings 
but produced nifedipine-sensitive contractile responses after 
rubbing or L-NNA treatment. These data suggest that the Cl" 
conductance of smooth muscle in intact blood vessels is low 
but increases with withdrawal of reduced nitric oxide (NO') 
or agonist stimulation. Rubbing or L-NNA increased the 
sensitivity of rings to KC1 but not to NE. Nifedipine reduced 
both sensitivity and maximum response to NE in intact 
vessels. L-NNA increased the TngyiTm 1Tn response to NE in 
nifedipine-treated rings without changing sensitivity. We 
conclude that although NO' affects both the voltage-depen- 
dent and voltage-independent components of contraction, 
sensitivity to NE is determined by the voltage-dependent 
portion. The voltage change required for a full response to NE 
is dependent on activation of a Cl~ current that may be under 
the tonic regulatory influence of NO'. 

nitric oxide; iV-nitro-L-arginine; nifedipine; indomethacin; 
methanesulfonate 



THE endothelium influences the contractile function of 
vascular smooth muscle (VSM) via the release of a 
variety of vasoconstrictor and vasodilator agents [pros- 
taglandins, thromboxanes, reduced nitric oxide (NO'), 
endothehum-derived hyperpolarizing and contracting 
factors (EDHF, EDCF)]. Changes in the basal produc- 
tion of NO', in particular, can alter smooth muscle 
responsiveness to vasoconstrictors (7, 15, 20). In addi- 
tion, increasing quantities of NO' may be produced in 
response to vasoconstrictor agents, thus providing a 
brake on the process of contraction (7a). We have some 
insight into the cellular mechanisms by which NO' acts 
on membrane ion channels to produce smooth muscle 
relaxation. There is considerable evidence that NO' can 
activate K + channels, resulting in membrane hyperpo- 
larization, inhibition of voltage-dependent Ca 2+ cur- 
rent, and smooth muscle relaxation (18). NO' may also 
inhibit Ca 2+ -channel activity via cGMP (5, 10, 14, 16). 
We propose that these mechanisms by which NO' 
produces relaxation may be supplemented by an ability 
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to interfere with agonist-induced activation of Cl~ 
current, thus interfering with depolarization and pre- 
venting contraction. 

We have presented evidence that agonist-induced 
contraction of vascular smooth muscle depends on the 
activation of a CI - current that has the permeability 
sequence I~ > Br~ > Cl~ > methanesulfonate (MS) (8). 
This CI" current may be activated by the release of 
stored intracellular Ca 2+ . It is proposed that the ensu- 
ing depolarization is essential for producing contraction- 
sustaining entry of Ca 2+ through voltage-dependent 
Ca 2+ channels. Inhibiting or enhancing the activation 
of depolarizing CI - current may be as important to 
regulation of VSM membrane potential as is the activa- 
tion or inhibition of K + current. 

Because CI" conductance appears to be quite low at 
rest (3) and is activated to a large degree by agonists (2, 
6, 17), it may be important to distinguish between those 
mechanisms that cause the relaxation of an established 
contraction and those that may prevent vasoconstric- 
tion. These may represent two quite distinct cellular 
processes. If CI" current is responsible for a portion of 
sustained agonist-induced depolarization, then, similar 
to the activation of K+ current, inhibition of CI- current 
may relax an established contractile response. Neither 
K + channel activation nor Cl~ channel inhibition will 
have any effect, however, if the cell is not first depolar- 
ized by the agonist and contraction initiated. Interfer- 
ing with this process may provide a potent mechanism 
for regulating vascular contractility. Understanding 
this distinction between vasodilatation and suppressed 
contractility will require an in-depth understanding of 
the cellular processes involved in VSM contraction, 
including the mechanisms regulating depolarization in 
response to an agonist. 

The current studies were designed to determine 
whether the agonist-induced Cl~ current of rat aortic 
VSM is regulated by two endothelial-derived factors 
that inhibit contraction, cyclooxygenase products of 
arachadonate metabolism (prostacyclin) or NO'. We 
have also addressed the issue of how NO' controls the 
sensitivity of the VSM response to adrenergic stimula- 
tion. The results suggest that NO' may regulate both 
resting CI - conductance and the ability of agonists to 
activate the Cl~ current required for depolarization and 
contraction. Furthermore, it appears that NO' regu- 
lates vascular sensitivity to catecholamines by altering 
this voltage-dependent (nifedipine-sensitive) portion of 
the contractile response. This may occur by a combina- 
tion of several mechanisms including 2) controlling the 
response of Ca 2+ channels to a given degree of depolar- 
ization, 2) preventing depolarization via inhibition of 
CI" channels, or 3) limiting depolarization via activa- 
tion of K + channels. 
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METHODS 

Rings of thoracic aorta were obtained from adult male Sprague- 
Dawley rats and prepared for isometric force recording in a 
manner identical to that described in our preceding companion 
article (8). Control and low-Cl~ buffers were also prepared in 
the same manner. Low-Cl" buffer in this study refers to 8 mM 
CI - substituted with 130 mM MS. The endothelium was 
removed from some rings by gently rolling the tissue around 
the end of a finely serrated steel forceps. Indomethacin 
treatment consisted of a 1-h exposure at 10~ 6 M, which 
occurred during the 2-h equilibration period that preceded all 
experiments. NO synthesis was inhibited by incubation in 
N-iiitro-L-arginine (l-NNA; 10~ 4 M) for 20 min before a 
response was elicited. Dose-response experiments were per- 
formed cumulatively, and the response to each concentration 
of norepinephrine (NE) was observed for 10 min before the 
next higher concentration was added. This time period was 
generally adequate to allow a plateau of the contractile 
response. All drugs and all salts for the preparation of physio- 
logical salt solution were obtained from Sigma Chemical. 

Data are displayed as means ± SE. Calculations of the 
half-maximal effective dose (ED 50 ) were performed by linear 
regression of each dose-response curve following logit trans- 
formation of the response data and log transformation of the 
agonist concentrations. The resulting linear equations were 
then solved for the dose producing the half-maximal re- 
sponse. Statistical analysis of group differences was per- 
formed using Student's £-test, and n values represent the 
number of animals in each group. A P value of <0.05 was 
considered to be statistically significant. 

RESULTS 

There are two readily recognized phases to VSM 
contraction. The initial contractile response has been 



attributed to activation of the contractile proteins by 
Ca 2+ released from the sarcoplasmic reticulum. Our 
hypothesis maintains that a second important function 
of this Ca 2+ pool is to activate a depolarizing CI" 
current. This depolarization results in the influx of 
extracellular Ca 2+ , which contributes to the second, or 
maintained phase, of contraction, lb assess the effect of 
endothelial factors on both phases of contraction, ten- 
sion was recorded at both an early and a late time point. 
As previously demonstrated (8), the response of intact 
aortic rings to an approximately 20% effective dose 
(~ED 20 ) of NE is potentiated in low-Cl" buffer (Fig. 1, A 
and B). The effect is most impressive at the 3-min, or 
peak, time point but is also statistically significant 
during the maintained phase of contraction (20 min). 
This effect of low-Cl - buffer is not altered by inhibiting 
prostaglandin production with indomethacin (10~ 6 M). 
Even in normal buffer, rubbed or L-NNA-treated rings 
contract more vigorously to a single dose of NE than do 
intact rings. A contraction to -20% of the response to 
120 mM KC1 (ED 20 ) was achieved at a significantly 
lower concentration of NE in tissues with an impaired 
ability to synthesize NO' [intact rings, 3.0 ± 0.5 X 10 -8 
M NE: 19.5 ± 2-7 at 3 min, 15.2 ± 2% at 20 min (n = 9); 
indomethacin-treated rings, 8.3 ± 2.6 X 10" 9 M NE: 
21.2 ± 4.3% at 3 min, 12.4 ± 3.0% at 20 min (n = 6); 
rubbed rings, 1.2 ± 0.3 X 10" 9 M NE: 16.0 ± 2.0% at 3 
min, 23.4 ± 3.3% at 20 min (n = 5); and L-NNA-treated 
rings, 1.6 ± 0.4 X 10" 9 M NE: 27 ± 7.1% at 3 min, 
23.6 ± 4.4% at 20 min (n = 5)]. There was no significant 
difference among these contractile responses at the 
3-min, or peak, time point. After 20 min, the response 



Fig. 1. A: low-Cl ~ buffer potentiates contractile re- 
sponse to norepinephrine (NE). Tension recorded at 
both 3 min (peak, open bars) and 20 min (steady state, 
solid bars) is significantly increased in intact rings. This 
effect is not altered by pre treatment with indomethacin. 
Removal of endothelium by rubbing or inhibition of 
reduced nitric oxide (NO') synthase with iV-nitro-L- 
arginine (l-NNA) results in much greater potentiation 
of NE response by low Cl~. *P < 0.05, tension in low-Cl ~ 
buffer vs. tension in control; + P < 0.05, tension at 3 min 
vs. tension at 20 min in control rings. B: typical tension 
recordings of response of intact and rubbed rings to NE 
in control buffer (138 mM CI" ) and in presence of 8 mM 
CI". Solid vertical bars (left) represent the size of 
response of that ring to 120 mM KC1. The most remark- 
able effect of disrupting NO' production is the large 
increase in steady-state tension recorded at 20 min. 
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Fig. 2. Low-Cl~ buffer does not alter contractile responses to K + at 
either the 3-min (open bars) or 20-min (solid bars) time point. In 
intact ringB, 18 mM K + produces —20% of maximum response to KC1 
regardless of Cl~ concentration of buffer. In rings treated with 
L-NNA, contractile response to K + is potentiated; therefore 8 mM K + 
was used. There was no significant effect of low-Cl" buffer on 
K + -induced contraction even when NO synthase was inhibited. 

was significantly larger in rubbed or L-NNA-treated 
rings. This difference was due to a significant drop-off 
in tension from the peak to the maintained phase of 
contraction in the intact and indomethacin-treated 
rings. This drop-off may be attributed to NE-induced 
NO' production activated either directly, via endothe- 
lial receptors, or indirectly, by stretch. Rubbed and 
L-NNA-treated rings have a markedly potentiated re- 
sponse to NE in low-Cl - buffer at both 3 and 20 min. 
This effect is most prominent on the maintained phase 
of contraction. The tension at the 20-min time point 
exceeds that at 3 min. This is in marked contrast to 
intact and indomethacin-treated rings, which show an 
even more remarkable time-dependent drop-off in ten- 
sion in low-Cl" buffer than in normal buffer. Figure LB 



shows typical responses of isolated aortic rings with 
and without endothelium in normal and low-Cl ~ buffer. 

As previously reported (8), low-Cl" buffer does not 
alter contractile responses to K + in intact rings (Pig. 2). 
In these vessels, 18 mM K + produced —20% of the 
maximum response to KC1 regardless of the CI" concen- 
tration of the buffer. In rings treated with L-NNA, the 
contractile response to K + is potentiated. This potentia- 
tion increases with the duration of exposure to L-NNA 
(data not shown). In L-NNA-treated rings, 8 mM K + 
(KC1 in normal buffer and K-MS in low-Cl" buffer) was 
used as the agonist because responses to lower concen- 
trations were inconsistent. To control for the time- 
dependent effect of L-NNA, two rings were prepared 
from each animal (8 rings from 4 animals). Responses 
were obtained from both rings in both normal and 
low-Cl" buffer, with one ring being exposed to 8 mM K + 
in normal buffer first and the other ring exposed to 
low-Cl" buffer first. The responses of the two rings from 
each animal were averaged, and therefore all eight 
rings were included in the statistical calculations. In 
contrast to the effect seen with NE, there was no effect 
of low-Cl" buffer on K + -induced contraction when NO 
synthase was inhibited. 

Because of the dramatic ability of NO' to alter the 
potentiation of NE-induced contraction via low CI", we 
wished to demonstrate that the previously documented 
effects of Cl'-channel blockers [DIDS (10~ 3 M), anthra- 
cene-9-carboxylic acid (10" 3 M), and niflumic acid (10 -4 
M)] and CI" transport inhibitors [bumetanide (10" 5 M) 
and bicarbonate-free buffer (10 mM HEPES)] on NE- 
induced contraction (8) were not related to activation of 
NO' release by the endothelium. We therefore repeated 
these experiments in L-NNA-treated rings (Fig. 3). 
Inhibition of NO' production did not impair the ability 
of these interventions to suppress contractile responses 
to NE. These compounds appear to exert their effect 
independent of NO. 

Low-Cl" buffer alone produced little or no contractile 
response in intact rings (n ~ 11), and no response was 
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Fig. 3. Ability of CI" -channel blockers and CI" transport inhibitors to interfere with NE-induced contraction is not 
altered by L-NNA and therefore is not dependent on endothelial release of NO' . Control responses to NE or KCI were 
obtained that were -80% of response to 120 mM KCI [pair of bars (NE) or bar (KCI) at left for each labeled 
intervention]. Open bars represent highest tension achieved in the first 5 min; solid bars represent tension at 20 
min. Repeat responses (bar or pair of bars at right for each labeled intervention) were obtained following a 20-min 
incubation in normal buffer only (Time control), bumetanide (10~ 6 ), or HEPES (Burnet; 10 mM) or a 10-min incuba- 
tion in DIDS (10 -3 M), anthracene-9-carboxylic acid (A-9-C; 10~ 3 M), or niflumic acid (10 -4 M). *P < 0.05 vs. control. 
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ever noted at the 3-min time point, whereas 3 of 11 
rings showed very small contractions (2-9% of the 
response to 120 mM KC1) at the 20-min time point (Fig. 
4A). In contrast, rubbed rings (n = 21) contracted 
consistently to low-Cl" buffer, but to a variable degree. 
Examples of the spectrum of response to low CI" in 
rubbed rings are shown in Fig. 4B. These responses to 
low-Cl~ buffer were not inhibited by phentolamine 
(10~ 5 M, n = 3, data not shown). It is possible that the 
three intact rings that did have small responses to low 
Cl~ underwent inadvertent partial endothelial damage 
during isolation. 

Intact aortic rings underwent very small contrac- 
tions in response to L-NNA (10~ 4 M) that developed 
slowly [0% (3 min) and 3.1 ± 1.2% (20 min) of response 
to 120 mM KC1], After a 10-min exposure to L-NNA, 
these rings contracted to low-Cl" buffer to a degree 
similar to that of rubbed rings (Fig. 5A). These contrac- 
tions were also quite variable from ring to ring, suggest- 
ing that the variability seen in the response to low CI" 
in rubbed rings was not a function of incomplete 
denuding but rather was characteristic of the contrac- 
tile response to low CI". Both the response to L-NNA 
and the low Cl"-induced contraction are completely 
inhibited by nifedipine (10" 6 M, n — 6), suggesting that 
the low Cl~ response is produced by membrane depolar- 
ization that either did not occur or did not result 
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Fig. 5. A: intact aortic rings contract in response to L-NNA ( 10 " 4 M), 
although these contractions are very small. After a 10-min exposure 
to l-NNA, ringB contract to low-Cl" buffer to a degree similar to that 
of rubbed rings (see Fig. 3). Open bars, 3-min time point; solid bars, 
20-min time point. B: typical response of an intact aortic ring to 
L-NNA followed by low-Cl ~ buffer. Solid vertical bar (left) represents 
the size of the response of that ring to 120 mM KC1. Low- CI ~ -induced 
contractions were completely inhibited by nifedipine (10 -6 M). 
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Fig. 4. A: low-Cl" buflFer alone produces little or no contractile 
response in intact rings. No response was ever noted at the 3-min 
time point (open bars). In rubbed rings a contractile response of 
inconsistent size is invariably Been. Solid bars, 20-min time point. B: 
typical contractile responses of rubbed rings to low-Cl" buffer. Solid 
vertical bars at left for each response represent the size of the 
response of that ring to 120 mM KC1. Note variability of both 
maximal tension generated and time course of response. 



in contraction in the presence of intact endothelial NO' 
production (Fig. 5B). 

Figure 6 shows cumulative dose-response curves to 
NE in intact rings before and after treatment with 
L-NNA (n = 7) and in rubbed rings (n = 6). Data in Fig. 
6A is plotted as tension (g), whereas Fig. 6B depicts the 
data normalized as a percentage of the maximal re- 
sponse of each ring to NE. The rings achieved a greater 
maximal response to NE than to KC1. The maximal 
response to NE in intact rings was 7.8 ± 0.29 g, and 
after treatment with L-NNA this significantly increased 
to 8.35 ± 0.32 g (P < 0.05). The response to 120 mM KC1 
of these same rings was 4.45 ± 0.20 g. There was no 
significant difference among the —log ED 50 for intact 
(7.86 ± 0.07), L-NNA-treated (8.00 ± 0.07), or rubbed 
rings (7.93 ± 0.11). In intact rings, there was a smaller 
response to NE when it was added as a single dose to 
produce an ~ED 2 o response in the low CI" experiments 
(3.0 ± 0.5 X 10" 8 M) than to the same concentration of 
NE when achieved in a cumulative fashion during a 
dose-response experiment. The reason for this is not 
readily apparent, but the difference was not evident in 
rubbed or L-NNA-treated rings and therefore may be 
related to how these methods of NE exposure affect 
endothelial NO' release. 

Cumulative dose-response curves to KC1 (Fig. 7) 
were performed in intact rings before and after expo- 
sure to L-NNA (n = 5) and in rubbed rings (n — 4). 
Rubbing or treatment with L-NNA (10~ 4 M) increased 
the sensitivity (Fig. IB) of the rings to K + -induced 
depolarization (ED 50 : 17.2 ± 1.2 mM in intact rings; 
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12.6 ± 0.9 mM in L-NNA-treated rings; 13.9 ± 2.5 mM 
in rubbed rings). L-NNA treatment also increased the 
maximum response (Fig. 7 A) to K + in paired experi- 
ments (4.57 ± 0.35 g in intact rings, 5.42 ± 0.40 g in 
L-NAA-treated rings). As previously stated, we find 
that there is a time-dependent increase in the response 
to K + following rubbing or application of L-NNA. These 
experiments were performed 20 min after the first and 
only exposure of the rings to L-NNA. 

Nifedipine (10~ 6 M) was used to separate the voltage- 
dependent portion from the voltage-independent por- 
tion of the contractile response to NE. In the presence of 
nifedipine, both the maximal response (control 7.96 ± 
0.29 g, nifedipine 2.28 ± 0.29 g, n = 5) (Fig. 8A) and the 
sensitivity (-log ED 50 : control 7.86 ± 0.7, nifedipine 
7.37 ± 0.12) (Fig. SB) to NE are markedly diminished. 
Treatment of these same rings with nifedipine plus 
L-NNA caused a large increase in their maximum 
ability to generate force (4.23 ± 0.51 g); however, there 
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Fig. 6. Concentration-response curves to NE in rat aortic rings. A: 
control rings (■) had an intact endothelium. These responses are 
compared with those from nibbed (A) and L-NNA-treated rings (O). 
Rubbing appeared to slightly decrease maximal tension response. B: 
responses were normalized as percentages of maximal tension genera- 
tion to NE. There was no significant change in sensitivity in rubbed 
or L-NNA-treated rings. 
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Fig. 7. Concentration-response curves to KC1. A: control rings (■) 
had an intact endothelium. These responses are compared with those 
from rubbed (a) and L-NNA-treated rings (O). B: response are 
normalized as percentages of maximal tension generation to KC1. 
Both rubbed and L-NNA-treated rings were significantly more sensi- 
tive to K + -induced depolarization than was control. This suggests 
that sensitivity to depolarization is under influence of NO' and is 
important for deterniining agonist sensitivity. 

was no recovery of the diminished sensitivity (—log 
ED 50 : nifedipine + L-NNA 7.47 ± 0.03, not significantly 
different from nifedipine alone). 

DISCUSSION 

We have previously shown (8) that NE-induced con- 
traction of the rat aorta is potentiated by low-Cl" 
buffer. We now demonstrate that the magnitude of this 
potentiation is dependent on endothelial NO. Rubbing 
or L-NNA increased the size of the response to a single 
low (ED 2 o) concentration of NE. After the dose of NE 
was reduced to account for this effect, repeating the 
response in 8 mM Cl~ buffer remarkably enhanced the 
magnitude of contraction. This effect was particularly 
pronounced on the maintained (20 min) phase of con- 
traction. Contraction at this time point was mildly 
potentiated by low-Cl" buffer when the endothelium 
was intact (8) but was increased severalfold following 
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Fig. 8. Concentration-response curves to NE in nifedipine-treated 
(10~ 6 M) rings with and without L-NNA(10" 4 M). A: control rings (■) 
had an intact endothelium. These responses are compared with those 
from rings treated with nifedipine alone (O ) or nifedipine plus L-NNA 
(X). Non-voltage-dependent component of NE-induced contraction is 
quite small. B: responses are normalized as percentages of maximal 
tension generated to NE. Sensitivity to the agonist is remarkably 
diminished by nifedipine. Although inhibition of NO' synthase does 
increase the magnitude of voltage-independent response, sensitivity 
is unaltered by L-NNA These data suggest that the magnitude of the 
voltage-independent portion of response to NE is unlikely to be a 
major determinant of agonist sensitivity. 

disruption of endothelial NO' production. The effects of 
rubbing and L-NNA were similar, although the control 
responses in the rubbed rings were slightly smaller and 
the potentiation by low Cl~ somewhat greater. Any 
difference between the effects of rubbing and L-NNA 
would suggest that other endothelial factors such as 
EDHF may also impact on the response to low CI". 
Recent data indicate that EDHF acts through activa- 
tion of K + channels (18) and therefore may not directly 
affect the response to low CI". Prostaglandins do not 
seem to influence the ability of NE to activate CI" 
current, because pretreatment with indomethacin does 
not alter the effect of low-Cl" buffer. K + -induced contrac- 



tion is not altered by low CI" conditions because 
elevated extracellular K + does not activate a CI" conduc- 
tance. 

Low-Cl" buffer alone does not elicit contraction of 
intact ringB but consistently causes a variable degree of 
contraction in rubbed or L-NNA-treated rings. This 
suggests that the resting CI" conductance of intact 
vessels is low enough that even a dramatic change in 
the Cl~ equilibrium potential does not produce enough 
depolarization to cause contraction. In the absence of 
endothelial NO', the same change in Cl~ gradient 
elicits a contractile response that is completely blocked 
by nifedipine and therefore is due to depolarization. 
These findings suggest that either more Cl~ channels 
were open at the time of the CI" gradient change or 
more Ca + current was activated by the same degree of 
depolarization. There is ample support from the litera- 
ture for the regulation of Ca 2+ channel conductance by 
cGMP (5, 10, 14, 16). Our results raise the possibility 
that, in addition to this effect on depolarization-induced 
Ca 2+ entry, NO' may also suppress the degree of 
depolarization induced by an agonist by inhibiting the 
activation of CI" channel conductance. 

We can only indirectly address the question of direct 
regulation of Cl~ channel conductance by NO' on the 
basis of our studies, which assume that contractile 
responses are proportional to depolarization. If NO' 
has a direct interaction with CI" channels, then one 
might expect rubbing or L-NNA to increase the contrac- 
tile response to NE/low CI" more than the response to 
K + . These two stimuli represent alternative methods of 
producing membrane depolarization, and if the effect of 
NO' is limited to the Ca 2+ channel, then they should be 
similarly affected by NO' withdrawal. Data from the 
dose-response to KC1 shows that 12 mM K + produced 
an ~ED 20 response in intact rings (22.5 ± 3.5%). After 
exposure to L-NNA, this response is approximately 
twice as large (46.3 ± 6.2%). In the NE/tow-Cl" studies, 
in the presence of L-NNA, we used a NE concentration 
of 1.6 ± 0.4 X 10~ 9 M to achieve a peak response of 27 ± 
7.1% and a maintained response of 23.6 ± 4.4%. This 
dose of NE is barely a threshold concentration in an 
intact ring (10" 9 M NE produced 3.6 ± 1.2% of response 
to 120 mM KC1, Fig. 6), and a higher dose was required 
to achieve an ~ED 2o response in intact rings (3.0 ± 
0.5 X 10" 8 M). Repetition of the response to NE in 
L-NNA plus low CI" (Fig. 1) produced a peak response of 
74.4 ± 9.2% and a maintained response of 85.2 ± 8.3%. 
The maintained response is approximately triple that 
seen in intact rings. This is even more impressive in 
view of the higher average concentration of NE used in 
the intact rings. Unfortunately, this comparison is not 
completely fair. The response to NE is not simply a 
function of depolarization. Many additional factors 
contribute to the magnitude of this response, and we 
cannot completely separate out the voltage-dependent 
component. Direct measurement of changes in mem- 
brane potential will be required to completely answer 
this question. The possible ways in which NO' may be 
acting to influence our results are summarized in Fig. 9. 
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Fig. 9. Model cells outlining possible mechanisms by 
which endothelial NO may alter Ca 2+ entry into vascu- 
lar smooth muscle (VSM). We have performed compan- 
ion studies (8) delineating the contribution of CI" 
currents to agonist-induced contraction of VSM. Re- 
moval of endothelium by rubbing or L-NNA treatment 
allows a much greater response to low-Cl~ buffer. 
Several possible explanations may exist: 1) low-Cl~ 
buffer increases NO' release from endothelial cells, 
thereby suppressing contraction of intact rings; 2) NO' 
suppresses L-type Ca 2+ channel function, thereby mini- 
mizing contractile response to increased depolarization; 
or 3) NO' tonically suppresses CI" conductance so that, 
after withdrawal of NO', there are more open Cl~ 
channels and more depolarization is produced when 
extracellular Cl~ is lowered. In presence of an agonist, 
NO' may also alter the degree to which CI" conductance 
can be activated. cNOS, constitutive NO synthase. 



One additional factor that could have an impact on the 
interpretation of our results and that must be consid- 
ered is the possibility that low-Cl" buffer can alter 
endothelial NO' production directly. If low-Cl" buffer 
increased basal NO' production or augmented an NE-/ 
stretch-induced increase in NO' production, this could 
explain the comparatively diminished ability of low CI" 
to augment NE-induced contraction in intact rings. In 
fact, the literature suggests that just the opposite is 
true. Endothelial NO' production appears to be directly 
proportional to the sustained level of intracellular Ca 2+ 
achieved following stimulation by a vasoactive agent 
(12). This Ca 2+ enters the cell from extracellular sources 
through a nifedipine-insensitive, voltage-independent 
channel (1). Nevertheless, Ca 2+ influx is apparently 
controlled by membrane potential in that endothelial 
cell hyperpolarization increases the driving force for 
Ca 2+ influx and thereby increases the sustained level of 
intraceUular Ca 2+ (11). Conversely, depolarization by 
high K + depresses the agonist-induced sustained in- 
crease in intracellular Ca 2+ (9, 11, 21). Endothelial cells 
clearly possess Cl~ channels (4, 13, 19), and reduction of 
extracellular CI" (to 20 mM) was found to markedly 
depress the ATP-induced increase in sustained level of 
Ca 2+ in human aortic endothelial cells (21). On the basis 
of these results, one would predict that low-Cl" buffer 
would inhibit rather than augment the sustained re- 
lease of NO'. This would clearly not explain our results. 

The dose-response curve to K + is more affected by 
disruption of NO' production than is the dose-response 
curve to NE. The change in the maximal response to NE 
with L-NNA was significant but quite small. We have no 
clear explanation for the difference between the re- 
sponse to a single low concentration of NE and the 
response to cumulatively added NE. Whatever the rea- 
son for the difference, it may be a function of NO' 
production, because the difference is not seen in rubbed 
or L-NNA-treated rings. The more pronounced effect of 
NO' on KCl-induced contractions may reflect the fact 
that although this response is completely coupled to 
depolarization, only a portion of the response to NE is 
voltage-dependent. We were able to accentuate this 
portion of the response by lowering extracellular Cl~ 



and thereby observed a large change in the response to 
a relatively low concentration of NE. 

We have made an attempt to define the voltage- 
dependent portion of the dose response to NE and to 
determine how that portion of the response to NE 
contributes to the sensitivity and magnitude of contrac- 
tion. Complete inhibition of depolarization-induced Ca 2+ 
influx through voltage-dependent channels (10 -6 M 
nifedipine) dramatically reduces both the magnitude of 
contraction and the sensitivity to NE in intact rings 
(Fig. 8). Addition of L-NNA approximately doubles the 
size of the contractile response to NE in the presence of 
nifedipine but has absolutely no effect on sensitivity. 
This result suggests that NO' has significant effects on 
vascular contraction that are independent of Ca 2+ 
influx, but these intracellular events do not determine 
sensitivity. The remarkable L-NNA-induced change in 
sensitivity to K + suggests that Ca 2+ channels are an 
important target for regulation of vascular sensitivity 
by NO'; however, changes in intracellular Ca 2+ han- 
dling may also contribute to this. The large rightward 
shift in the sensitivity to NE induced by nifedipine 
suggests that agonist-induced depolarization makes an 
important contribution to the contractile response even 
at low agonist concentrations of NE. If this depolariza- 
tion is indeed CI" dependent, CI" homeostasis may play 
an important role in determining how a given tissue 
responds to an agonist. 

We can speculate that cellular CI" handling and the 
endothelial regulation of Cl~ currents may also have 
pathophysiological significance. The importance of CI" 
currents may be accentuated in regions of localized 
endothelial dysfunction such as the coronary artery of 
atherosclerotic patients. Under the diminished influ- 
ence of NO', a sudden rise in circulating catechol- 
amines might elicit increased localized Cl~-dependent 
depolarization and a more sustained contractile re- 
sponse, resulting in ischemia. If this is indeed the case, 
selective inhibition of CI" channel conductance may 
prove to be a useful strategy for controlling coronary 
vasospasm. 

In summary, we have demonstrated that the endothe- 
lium, via NO', suppresses the degree to which NE- 
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induced contraction is potentiated by low-Cl~ buffer. In 
addition, low-Cl~ buffer does not produce contraction in 
intact rings but consistently does so after endothelial 
NO' production is disrupted. These data suggest that 
NO' can inhibit the opening of voltage-dependent Ca 2+ 
channels by an agonist. This inhibition may be direct 
(via cGMP inhibition of Ca 2+ channels) or indirect via 
prevention of the activation of depolarizing Cl~ cur- 
rents. 
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